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Mangroves are coastal wetland ecosystems consisting of salt-tolerant trees and 
shrubs that inhabit the upper intertidal zone of estuaries, river banks and barrier 
islands. These trees grow in the intersection between the coastal ocean and land, 
and form a barrier against hazards such as waves, coastal flooding and erosion for 
many densely populated areas that often lack hard coastal defense structures. By 
damping tidal currents and waves, mangroves also facilitate sedimentation, and 
may contribute to coastal stability in the face of rising sea levels. The valuable 
ecosystem services provided by mangroves are the result of characteristic bio-
physical feedbacks between the mangrove vegetation, hydrodynamics and sediment 
dynamics within intertidal zones (Chapter 1). This thesis focuses on understanding 
these bio-physical feedbacks, specifically: (i) how mangrove root density affects 
tidal current and wave dissipation, (ii) how mangrove root structures modify the 
flow field, and (iii) how mangrove roots facilitate sediment transport within 
forested areas.  
Linking Mangrove Root Density and Turbulent Dissipation 
The link between mangrove root density and turbulent dissipation was explored in 
a coastal mangrove forest that is exposed to an energetic wave environment. 
Measurements of turbulent kinetic energy (TKE) dissipation were collected over 
millimeter to centimeter scales within clusters of mangrove pneumatophore roots 
(‘canopies’) spanning regions from the unvegetated mudflat to the densely 
vegetated forest. High-resolution root geometries were reconstructed using a newly 
developed photogrammetric method. The frontal area density of the vegetation (a) 
was compared to the TKE dissipation rate estimates at the same height above bed. 
Mangrove tree (and hence, root) density was greatest along a narrow band between 
the mudflat and forest: the forest ‘fringe’. Temporally variable turbulence was 
maximum in the fringe and was often elevated in the forest relative to the 
unvegetated mudflat.  The largest dissipation rates (4.5 x 10-3 W kg-1) were 
measured as breaking waves propagated over root canopies in very shallow water. 
Dissipation rates were reduced, but often remained intense (e.g., between 10-5 –    
10-4 W kg-1) under non-breaking waves at the fringe, likely indicating turbulent 
generation in pneumatophore wakes. Turbulence was positively correlated with 
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root density and wave height and was negatively correlated with water depth. 
Substrate grain size distributions in the fringe were larger (sandier) than those 
offshore and onshore, suggesting intense turbulence may winnow fine-grained 
sediments from the fringe. 
Observations of Turbulence in Mangrove Root Canopies 
High-resolution velocity measurements were collected within and above two dense 
canopies of mangrove pneumatophore roots in a wave-exposed mangrove forest. In 
both canopies, root density decreased steadily with height above bed owing to the 
variability in root heights and the tapered shape of the roots. Within the canopies, 
we consider turbulence within three zones: near the bed above the wave boundary 
layer, around the mean canopy height, and above the canopy. The near-bed 
turbulence was particularly intense (up to 6.5 x 10-4 W kg-1), likely owing to 
oscillatory wave-driven currents flowing past dense vegetation. Near the bed and 
around the mean canopy height, peaks in horizontal velocity power spectra at 
frequencies corresponding to Strouhal numbers of ~0.2 may indicate Von Kármán 
wake shedding in the lee of the pneumatophores. Furthermore, a recirculation zone 
was observed immediately behind a cluster of pneumatophores at intermediate 
heights. These coherent flow structures were associated with zones of enhanced 
Reynolds stresses (up to 5.3 x 10-3 m2 s-2), and eddy viscosities (up to 1.9 x 10-3 m2 
s-1). Large near-bed stresses were associated with near-bed drag coefficients that 
are up to an order of magnitude larger than those expected in the absence of 
vegetation. Observed eddy viscosities are consistent with theoretical expectations, 
derived from scaling arguments using a standard mixing-length model. These 
results suggest that pneumatophore roots can contribute greatly to turbulent mixing 
(e.g., eddy viscosities were on average O(10-4 – 10-3 m2 s-1), and therefore may 
enhance the sediment entrainment occurring in mangrove forest fringes.  
 
Understanding the Hydrodynamic and Morphodynamic Feedbacks in Mangroves  
Field experiments were carried out within a wave-exposed coastal mangrove forest 
to quantify the change in bed level throughout a tidal cycle using high-resolution 
velocity and bed level measurements collected in situ. Experiments spanned the 
unvegetated mudflat, mangrove forest fringe and forest, where data were collected 
during single tidal cycles (flood-ebb) during a two-week period. Cross-wavelet 
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transforms of the velocity and bed level measurements were often highly correlated 
(≥ 90% squared coherence) over a range of frequencies, spanning those 
corresponding to short-period wind and swell waves to long-period infragravity 
waves. Bed level change events associated with short-period waves were more 
frequent in the mudflat and fringe, while those associated with long-period waves 
were much more frequent in the forest. Net bed level changes over single events 
were nearly normally distributed, indicating similar numbers of events resulting in 
accretion and erosion, regardless of the across-shore position. Still, bed level 
change events exceeding the observed net tidal elevation change occurred 
infrequently. This pattern suggests that the net tidal elevation change within the 
mangrove forest must be related to the frequency of these infrequent events. Large 
bed level changes were often associated with high bed shear stresses (0.3 – 1.5 N 
m-2) and turbulence of O(10-3 W kg-1), particularly on the mudflat and in the forest 
fringe. Across all experiments, the mudflat and forest site experienced net accretion 
(4.5 and 6.8 mm, respectively) while the fringe experienced net erosion (-9.5 mm). 
This work suggests a dynamic role for waves in mangroves: short-period waves stir 
sediment on the mudflat and forest fringe, while infragravity waves help advect 
entrained sediment inside the forest. 
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The concepts developed over this thesis are summarized briefly in Figure A.1, 
which presents a geomorphological feedback between the environment, mangrove 
roots, and sediment transport. Sediment is carried landward by the rising tide. 
Energetic turbulence that forms around mangrove roots may preferentially remove 
fines from the forest fringe. Suspended sediment may then be advected further into 
the forest to be deposited as current velocities weaken closer to slack tide. 
  
 
Figure A.1: A conceptual diagram of the bio-geomorphic feedback between 
mangrove root density, turbulence and sediment transport presented within this 
thesis. Larger symbols (spirals, arrows) denote greater effects of (turbulence, 
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1 Chapter 1 
Background and Introduction 
1.1 The Value of Mangroves  
Mangrove forests thrive at the interface between land and sea and offer a multitude 
of ecosystem services: mangroves form the habitat for many fish and animal species 
(particularly juveniles), and hence contribute to the world’s biodiversity. For 
humans, mangroves provide raw building materials, sources of medicine, fuel and 
food for local communities (Saenger, 2002). Forming a buffer zone along 
coastlines, mangroves protect communities from coastal hazards (Mazda et al., 
2005, 2006), stabilize sediments to prevent erosion (Temmerman et al., 2013), and 
act as filters to terrestrial runoff by decreasing the amount of physical and chemical 
waste that would otherwise end up in the coastal ocean (Lin & Dushoff, 2004; Tam 
& Wong, 1996). Despite only covering 0.1% of the Earth’s continental surface, 
mangroves account for 11% of the total terrestrial carbon storage, and 10% of total 
terrestrial dissolved organic carbon exported to the ocean (Dittmar et al., 2006; 
Jennerjahn & Ittekkot, 2002). Estimates of the monetary value of these ecosystem 
services vary widely, e.g., between $3000 – 40000 USD per hectare per year (Salem 
& Mercer, 2012).  
Mangrove forests are generally in decline worldwide, due largely to human 
pressures (Alongi, 2002; Spalding et al., 1997). It is estimated that one-half of 
global mangrove coverage has been lost since pre-industrial times (Giri et al., 
2011), about 35% of which was lost between 1980 and 2000 (Valiela et al., 2001). 
Among the most threatened areas are large tropical deltas in Asia, such as the 
Mekong Delta in Vietnam, the Ganges Delta in India and Bangledesh, the 
Ayeyarwady Delta in Myanmar, and the Indus Delta in Pakistan (Allison et al., 
2017). The decline of mangrove forests is predominantly caused by conversion of 
coastal areas to agriculture, aquaculture, and urban development (Alongi, 2002; 
Giri et al., 2008). Mangrove forest expansion may also be limited by local sea level 
rise and accelerated coastal subsidence, caused by sand mining and the construction 
of dams and sea dykes within major deltaic systems (Anthony et al., 2015). In such 
cases, mangroves would typically retreat landward as ground is lost; however, the 
2 
presence of human settlements often precludes this shoreward migration, leading to 
the so-called “coastal mangrove squeeze” (Phan et al. 2015).  
Calls for mangrove conservation gained traction following the 2004 Indian Ocean 
tsunami (e.g., Walton et al., 2006), after several studies reported that mangrove-
lined coastlines saved lives and property (Danielsen et al., 2005; Kathiresan & 
Rajendran, 2005). While many attempts have been made, efforts to rehabilitate or 
restore critically affected mangrove ecosystems have often had mixed results, with 
the main reasons for failure being improper site or species selection, and planting 
techniques (Ellison, 2000). Recent studies suggest that the success rate of seedling 
establishment is based on a narrow window of hydrodynamic conditions in which 
propagules can take root (Balke et al., 2011). To improve the chances of propagule 
recruitment, some rehabilitation efforts have taken to designing offshore structures 
such as breakwaters to simulate the low-energy conditions found within 
undisturbed forests (Schmitt et al., 2013; Temmerman et al., 2013). A report from 
the International Union for Conservation of Nature (IUCN) states that a successful 
restoration effort, in addition to other factors, will “…have a thorough 
understanding of the hydrological processes at each planting location” (IUCN, 
2011, pg. 12). Hence, a better understanding of the physical forces that shape 
mangrove environments will contribute to more comprehensive vulnerability 
assessments and improve conservation and restoration efforts (Friess et al., 2012). 
The focus of this thesis is to understand how mangrove roots modify their physical 
environment by studying the hydro– and morphodynamic feedbacks within 
established coastal mangroves.  
1.2  An Overview of Mangrove Characteristics 
“Mangrove” is an ecological term referring to a taxonomically diverse assemblage 
of trees and shrubs that form the dominant communities in tidal, saline wetlands 
along tropical and subtropical coasts. Mangroves typically occur in low-gradient 
intertidal zones with an abundant supply of fine-grained sediment and fresh water 
input through rainfall, run-off, or river discharge (Walsh, 1974). Mangroves are 
classified as halophytes: species that can tolerate salinities from brackish to 
seawater (0.5 – 35 ppt). The vertical extent of mangroves is limited to mean sea 
level (MSL) and the highest spring tidal depth (Alongi, 2009). Below MSL, 
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mangroves seedlings cannot settle, and in low-saline environments mangroves are 
outcompeted by other plants (Schiereck & Booij, 1995). Apart from their salt water 
tolerance, mangroves are also distinguished by their characteristic above-ground 
root structures. These aerial roots enable mangroves to exchange oxygen with their 
exterior environment, as the substrates of mangrove forests are often anoxic. Large 
assemblages of roots are referred to as “canopies” for the dense permeable layer 
they form above the bed surface. Of the many species of mangroves, only four 
distinct root types are observed (Spalding et al., 2010; Tomlinson, 1986):  
 Prop roots: Common to the Rhizophora spp., ‘stilt’ or prop roots form a 
complex network of limbs that descend downwards from the main trunk and 
lower branches of the tree (Figure 1.1a). A single tree can produce hundreds of 
roots, with radial diameters up to 10 meters near the bed surface.  
 
Figure 1.1: Mangrove roots, (a) prop roots of Rhizophora spp., (b) knee roots of 
Bruguiera spp., (c) buttress roots of Xylocarpus spp., and (d) pneumatophores 




 Knee roots: Knee roots are the above-ground knob-like protrusions of the 
underground lateral root systems common to Bruguiera and Ceriops mangroves 
(Figure 1.1b).  
 Plank roots: Plank or ‘buttress’ roots grow along the vertical axis of mangrove 
tree trunks and extend laterally outward from the trunk base in a sinuous pattern 
(Figure 1.1c). Plank roots are common to Xylocarpus and Heritiera spp. 
 Pneumatophores: Also called ‘pencil’ roots for their conical shape, 
pneumatophores are the above-ground extensions of the underground root 
system of Avicennia and Sonneratia mangroves (Figure 1.1d). In Avicennia 
spp., pneumatophores are often shorter, only growing up to 30 cm tall. In 
contrast, the pneumatophores of Sonneratia spp. grow slowly to become 
woodier, which enables them to reach heights of 40 to 60 cm on average.  
1.2.1 Global Distribution 
The global distribution of mangroves is limited by the 20° C isotherm of seawater 
in winter (Duke, 1992), which corresponds to the latitude band spanning 30° N and 
40° S. Worldwide, the roughly 70 species of mangroves cover approximately 
138,000 km2 of land area (Giri et al., 2011; Spalding et al., 1997), with the 
equatorial regions of Indonesia, Australia, Brazil and Nigeria account for roughly 
43% of the world’s mangrove forests (Alongi, 2002). The Indo-West Pacific region 
(highlighted in Figure 1.2) contains the greatest mangrove biodiversity worldwide.  
 
Figure 1.2: Global distribution of mangroves (Giri et al. 2011), with the Indo-





1.2.2 Mangrove Environments 
Following Cintron & Novelli, (1984), mangrove-dominated environments can be 
classified into three types based on their topographic features: riverine forest, basin 
forest, and fringe forest (Figure 1.3). Woodroffe, (1992) modified these 
classifications to describe the physical processes responsible for sediment transport 
and deposition within each environment. The following descriptions were adapted 
from Mazda & Wolanski, (2007): 
 Riverine forests: (R-Type, Figure 1.3a) occur on the floodplains alongside 
river channels or tidal creeks. Water levels within riverine forests are modulated 
by tidal oscillations; forests are dry at low tide and inundated at high tide. 
Sediment is supplied to the forest predominantly from the adjacent river. Waves 
are uncommon in such forests because of wave dissipation along the tidal 
channels. Water flow through the forest is controlled by flow routing through 
adjacent tidal creeks, and in-forest flow is roughly perpendicular to the flow in 
the creeks (Horstman et al., 2015; Kobashi & Mazda, 2005; Mazda et al., 2005). 
 
Figure 1.3: Three main types of mangrove landforms: a) riverine, b) basin, and 
c) fringe. After Mazda & Wolanski, (2007). 
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 Basin forests: (B-Type, Figure 1.3b) develop in shallow depressions that are 
rarely inundated except for the highest tides. Water cycling of these systems is 
dominated by groundwater flows (Woodroffe, 1992). 
 Fringe forests: (F-Type, Figure 1.3c) are the most dynamic mangrove landform 
of the abovementioned classes. In this class, mangroves grow in the confluence 
between river distributaries and the coastal ocean. Tidal oscillation exposes the 
substrate during low tide and inundates the forest during high tide. Wind and 
swell waves may pass directly into the forest from offshore, dominating the 
hydrodynamic environment. The mangrove forest in which the research for this 
thesis was conducted is classified by this latter category. 
1.2.3 Physical Processes in Mangroves 
Mangroves are sometimes referred to as ‘ecosystem engineers’, organisms that 
modify their abiotic environment to improve their chances of survival (Jones et al., 
1994, 1997; Walles et al., 2015). Mangrove forests dissipate tidal currents and 
waves through drag forces generated within the dense mass of aerial roots, trunks 
and leaf canopies. Through this mechanism, wide swaths of mangrove forests can 
be effective buffers against storm surge and coastal flooding associated with storms 
and tsunamis (Alongi, 2008; Krauss et al., 2009; Möller et al., 2014; Montgomery 
et al., 2018; Montgomery et al., 2019; Temmerman et al., 2013; Wolanski, 2007; 
Zhang et al., 2012). The slowing of flows within mangrove forests gradually 
reduces erosive forces, thereby limiting sediment resuspension and promoting 
sedimentation (Bouma et al., 2005; Duarte et al., 2013; Furukawa & Wolanski, 
1996). Over time, the feedback between energy dissipation and sedimentation may 
lead to net accretion in mangrove-dominated reaches through the accumulation of 
allocthonous sediment and autochthonous organic and inorganic material (Allison 
& Lee, 2004; Cahoon et al., 2006; Ellison, 2009; McKee, 2011; Woodroffe & 
Davies, 2009). Under some circumstances, mangrove soil surfaces may be able to 
keep pace with local sea level rise (Krauss et al., 2010; Lovelock et al., 2011; 
McKee, 2011; McKee et al., 2007). Hence, mangroves ‘engineer’ their environment 






Table 1.1: The mechanisms, temporal and spatial scales of active abiotic and biotic processes within mangrove forests. The solid boxes 
indicate the scope of this thesis. Based on: McIvor et al. (2012); McIvor et al. (2013); Bullock et al. (2017); Cowell & Thom (1994).  
Category Process Physical Mechanism Time Scale Spatial Scale 
Hydrodynamic 
(abiotic) 
Turbulence Interaction of tides and currents with vegetation; wave 
breaking 
Seconds mm - cm 
 Wind waves Wind shear, gravity Seconds cm - m 
 Swell Waves Wind waves Seconds cm - m 
 Infragravity Wind and swell waves Minutes m - 100 m 
 Tides Gravitational action of the moon and sun, Earth's 
rotation 
Hours m - km 
 
Storm surge Wind stress, atmospheric pressure variation in 
combination with local bathymetry and 
geomorphology 
Days km - 100 km 
 
Changes in sea 
level 
Eustatic sea level variation Years - Decades km - 1000 km 





Tidal and wave action, enabling the preferential 
scouring and deposition of sediment depending on the 
intensity of conditions 




Sedimentation, accumulation of organic material Hours - Months cm - m 
 Sub-surface 
elevation changes 
Mangrove root growth or decomposition, compaction Months - Years m - km  
 
Change in land 
level 
Isostatic adjustments, removal of oil or water, urban 
development 
Years - Decades km - 1000 km 




Quiescent conditions suitable for root growth and 
establishment of pioneer species 
Hours - Months cm - m 
 Tree Growth Root and tree growth increasing forest density Months - Decades m - km 






Mangroves form a dynamic ecosystem, where ecological processes are intermixed 
with hydrodynamic and morphodynamic processes of differing temporal and spatial 
scales (Table 1.1). Understanding the role of mangroves in coastal protection, 
stabilization, and mitigation of sea level rise requires knowledge of the underlying 
short-term, small-scale (fast, local) processes that underlie these long-term, large-
scale (slow, regional) processes. For example, the interactions between tides, waves 
and mangrove roots affect other morphodynamic and biological processes such as 
sediment transport and seedling establishment (Balke et al., 2011; Furukawa et al., 
1997). Over time, the interaction between surface and sub-surface processes results 
in net surface elevation change, which in turn affects mangrove forest growth and 
zonation (Bullock et al., 2017; Fagherazzi et al., 2017). These long-term processes 
feed back into the short-term processes by altering the biogeomorphic landscape 
that affects the mangroves’ inundation time, sediment supply, and sediment 
transport capacity (McIvor et al., 2013). As discussed in the next section, much of 
the previous work in mangrove systems has focused on the aforementioned long-
term and large-scale processes, while less work has focused on the underlying short-
term and small-scale processes, such as tubulence and sediment transport. Hence, 
this thesis focuses on these short-term and small-scale processes in order to develop 
a processed-based understanding of how the feedbacks between mangrove 
vegetation and hydrodynamics shape mangrove environments.  
1.3 Mangrove Hydrodynamics and Morphodynamics 
Much of the early work in mangroves focused on describing mangrove ecology, 
their geographical characteristics, and their physiology (Lugo & Snedaker, 1974; 
Watson, 1928). Initial studies inferred that mangroves are ‘land builders’; species 
that colonize intertidal mudflats thereby promoting a higher rate of vertical 
accretion of the bed (Davis, 1940). Latter studies instead suggested that mangroves 
merely follow accretion and enhance the retention and deposition of sediments once 
established (Bird, 1971; Thom, 1982; 1967; Woodroffe, 1992). Others recognized 
the role of mangrove roots in sedimentary processes by observing the depositional 
patterns within grids of canes used to simulate Avicennia pneumatophores (Bird, 
1971; Spenceley, 1977). Spenceley (1977) suggested two roles for the root 
structures: “Under low-energy conditions velocities are further reduced, causing 
deposition of material to take place. When medium to high-energy conditions are 
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prevalent, the obstructions cause eddy currents to develop which initiate localized 
scour and erosion in their immediate vicinity”.  
Until the 1980’s, the majority of literature focused on mangrove ecology, while 
most studies of the physical processes in mangroves remained qualitative (Mazda 
& Wolanski, 2007). Early pioneers recognized this knowledge gap, stating: “…it is 
necessary to obtain a quantitative understanding of the physical processes and 
hydrodynamic mechanisms that take place in these intertidal areas… [to 
understand] the condition for the existence of mangroves” (Mazda & Wolanski, 
2007). Today, the feedback between mangrove forest hydrodynamics and 
morphodynamics is still an active area of research. The following sections provide 
an overview of the present understanding of the large spatial and temporal scale 
hydrodynamic (e.g., tidal flow, wave dissipation) and morphodynamic processes 
(e.g., sedimentation), and the small spatial and temporal scale processes (e.g., 
turbulence) in mangroves. 
1.3.1 Tidal-scale Flow 
The pioneering work in mangrove systems focused on describing tidal flow routing 
and sediment transport mechanisms between mangrove forests and creeks 
(Furukawa et al., 1997; Mazda et al., 1995; Wolanski, 1995; Wolanski et al., 1980; 
Woodroffe, 1985). According to early model simulations, ebb tides last longer than 
flood tides in mangrove forests, and peak flood velocities exceed peak ebb 
velocities (Mazda et al., 1995). Friction in mangrove forests delays the discharge 
of ebb tidal waters and enhances channel flow through creeks that incise the forest 
(Mazda et al., 1995; Wolanski et al., 1980). These asymmetries result in a net import 
of sediment into mangrove forests (Wolanski et al. 1990; Furukawa et al. 1997; Van 
Santen et al. 2007). In contrast, flow within dissecting creeks is often ebb-dominant 
due to the delayed discharge of water from the hydraulically rough areas (Mazda et 
al., 1995; Wolanski et al., 1980; Wolanski, 2007). Mangrove creeks are maintained 
through self-scour and enable material exchange between the forest and the ocean 
(Wolanski et al., 1980). 
Flow routing in mangrove systems was first explored through depth-averaged, 
simplified numerical models, where both the mangrove vegetation and topography 
were highly idealized (Aucan & Ridd, 2000; Furukawa et al., 1997; Mazda et al., 
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1995; Wolanski et al., 1980). In these early models, vegetation density was 
parameterized from a small number of field measurements using an adjusted 
Manning roughness coefficient that was based on approximations of atmospheric 
flow around common crops (Petryk & Bosmajian, 1975). Furukawa et al., (1997) 
estimated a Manning coefficient of n = 0.1, a value four times larger than that of 
adjacent tidal creeks. Water flow through the dense vegetation resulted in the 
formation of “jets, eddies and stagnation zones”; evidence of vegetation-induced 
friction. 
More detailed mechanistic insights of creek-forest flow were later developed 
through flume experiments that employed arrays of dowels representing a scaled 
mangrove forest incised by a creek (Struve et al., 2003; Wu et al., 2001). From their 
experiments, Wu et al., (2001) developed a numerical model to account for the drag 
force and flow blockage of the model trees. These flume experiments corroborated 
the findings of the earlier field observations: enhanced drag within vegetated areas 
increases flow velocities in adjacent creeks.  
Tidal flow routing through mangroves is thought to be controlled by the balance of 
four factors: drag forces from the submerged vegetation, turbulence generated by 
vegetative drag, bottom friction, and wind stress (Mazda & Wolanski, 2007). 
However in vegetated areas, bottom friction is negligible compared to vegetative 
drag forces (Nepf, 1999), and wind stress can often be neglected as mangrove trees 
inhibit wind within forests (Mazda et al., 2005). Hence, flow routing in mangroves 
depends only on a balance between the drag force and vegetation density (Mazda 
et al., 2005). To account for vertical differences in vegetation cover, Mazda et al., 
(2005) derived analytical models for water flows through vegetation based off of 
the vegetation frontal area, volume, and an effective vegetation length scale. This 
latter parameterization suggests that both the drag force and eddy viscosity decrease 
with respective increases in vegetation density. From point velocity measurements, 
Mazda et al., (2005) demonstrated that currents within vegetated areas rotate away 
from the mean current direction in creeks due to differing magnitudes of drag forces 
and turbulence. Similar patterns of flow rotation have recently been observed in 
both exposed coastal mangroves (Mullarney et al., 2017a), and in sheltered, 
channelized mangrove forests (Chen et al., 2016; Horstman et al., 2013). Finally, 
the differential between the low-friction unvegetated areas (creeks, mudflats) and 
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high-friction vegetated areas (forests) results in two distinct flow regimes 
(Horstman et al., 2013). One regime, designated ‘creek flow’, occurs during low 
water levels and is identified by strong currents in the creeks and minimal exchange 
across the forest. The other regime, designated ‘sheet flow’, describes direct water 
exchange across the forest and occurs only after the water level exceeds a threshold 
depth.  
1.3.2 Wave Dissipation 
It is well-established that mangroves play a role in the dissipation of wind and swell 
waves (Brinkman et al., 1997; Horstman et al., 2012; Massel et al., 1999; Mazda et 
al., 2006; Mazda et al., 1997; Quartel et al., 2007; Vo-Luong & Massel, 2008) and 
in defending coasts against storm surges (Krauss et al., 2009; Zhang et al., 2012). 
Factors known to affect wave attenuation in mangroves includes the water depth, 
which is a function of topography/bathymetry and tidal stage, the incident wave 
height, and specific vegetation characteristics such as density, size and spatial 
distribution of mangrove trees (McIvor et al., 2012). Multiple studies have shown 
that wave dissipation is greatest at water depths below the lower root or above the 
upper leaf canopies of mangrove trees (Brinkman et al., 1997; Horstman et al., 
2012; Mazda et al., 2006). For intermediate water depths, dissipation decreases as 
there are fewer obstacles to induce drag. In a recent study, Henderson et al. (2017) 
demonstrated that wave dissipation is maximum at order-one values of the 
dimensionless ratio,  = Tw/(2πTf ) where Tw is the wave period and Tf is time scale 
for dissipation by canopy friction. The parameter  increases with vegetation 
density, and depends on both wave parameters (wave period, amplitude) and 
canopy geometry (Mullarney et al., 2017b). Henderson et al. (2017) suggested that 
mangroves might maintain ratio of  ~ 1 as an adaptation to prevent high sediment 
accumulation that could result poor health or even death (Moffett et al., 2015; 
Nardin, et al., 2016b).   
To provide adequate coastal protection against wave inundation and erosion, a 
mangrove forest must be of sufficient width and density to dissipate a range of 
incident wave heights. According to Bao, (2011) the minimum width of forest 
required to effectively dissipate incident wave energy to a safe level decays 
exponentially with increasing forest complexity- a function of the average tree 
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height, density and canopy closure (a measure of close packing). From field 
experiments, between 60 – 90% of incident short-period (Tw = 1 – 30 s) wind and 
swell waves were dissipated over 50 – 300 m of mangrove forest (Brinkman, 2006; 
Henderson et al., 2017; Horstman et al., 2012; Mazda et al., 2006; Quartel et al., 
2007), with greater dissipation rates corresponding to greater forest density. These 
field observations have also been corroborated by a recent numerical study that 
simulated short-wave dissipation over a range of tree densities from 0.5 – 1.7 trees 
m-2 (Phan et al., 2015). Unlike short-period waves, long-period infragravity waves 
(Tw > 30 s) may propagate distances greater than 1 km onshore before being 
dissipated, even in dense forests (Phan et al., 2015). From scaling arguments of the 
shallow water mass conversion equation and the diffusion wave equation, 
Mullarney & Henderson, (2018) suggest that long-period waves can propagate 
inland across a flat-bed wetland a distance of order 






where 0 and T are wave height and duration, respectively. From this scaling 
argument, a mangrove forest with a = 0.035 m-1, significant attenuation of 
infragravity waves with 0 = 0.5 m and Tw = 8 min would require on the order of 
525 m of forest. Although this estimate is highly simplified, it is in fair agreement 
with the scale over which long-wave heights are halved in the simulations of Phan 
et al., (2015). Hence, it has been hypothesized that short-period waves do not play 
a major role in determining the health of a mangrove forest. Instead, the large-scale 
patterns in seedling dispersal and sedimentation may be controlled by infragravity 
energy (Phan et al., 2015). While the role of short-period waves in sediment 
transport and resuspension in coastal mangroves has been qualitatively described 
(Van Santen et al., 2007; Winterwerp et al., 2005), the role of long-period waves 
has not yet been explored.  
1.3.3 Sedimentation 
A substantial amount of work has focused on understanding accretion rates within 
mangrove forests in response to fluctuations in eustatic sea level rise throughout the 
Holocene (e.g., Ellison, 2009; Fujimoto, 1998; McKee et al., 2007; Walsh & 
Nittrouer, 2004; Woodroffe, 1990). However, as this thesis is concerned with 
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present-day mechanisms of vegetated morphodynamics, the following discussion 
will instead focus on surficial sedimentary processes in coastal mangroves.  
Mangrove forests are generally regarded as net sinks of sediment due to tidal current 
asymmetries set up by vegetative drag forces. Suspended terrigenous material is 
transported through the combined action of tides and waves into mangrove forests 
(e.g., Woodroffe & Davies, 2009; Van Santen et al. 2007), or through storm or 
tsunami events (Ellison, 2009). Sediment trapping by mangroves is thought to be 
facilitated through flocculation/deflocculation processes and by turbulence 
generation in the wake of mangrove roots (Furukawa et al., 1997; Wolanski, 1992; 
1995b). In sufficiently dense vegetation, wake turbulence may create eddies and 
stagnation zones that help to trap suspended sediments. Deposition is thought to 
occur at slack tide when current velocities decline (Furukawa et al., 1997). The 
sediment is not re-entrained into the water at ebb tide so long as drag forces prevent 
currents from reaching critical shear thresholds.  
Accretion within mangrove forests occurs if the rate of deposition exceeds the rate 
of erosion over time. Factors influencing accretion are those that stabilize the 
substrate, such as: the prevalence of benthic algal mats, aerial root and tree density, 
leaf litter (Krauss et al., 2003; Kumara et al., 2010; McKee, 2011), and those that 
supply sediment, such as: the inundation regime and tidal range of the forest 
(Rogers et al., 2006; Rogers et al., 2005). Erosion occurs if the shear stress of the 
substrate is exceeded by the hydrodynamic forces of tidal currents and waves. 
Although mangroves typically inhabit sheltered intertidal areas that are only 
exposed to weak currents and small waves, the high-energy conditions prevalent 
during storm events can cause large-scale erosion of the mangrove platform (Van 
Santen et al., 2007). As formerly discussed, mangrove roots dissipate tidal and wave 
currents and hence provide protection against erosion (e.g., Massel et al., 1999; 
Mazda et al., 1997a; Quartel et al., 2007). However, mangrove roots up to a critical 
density will enhance energy dissipation, thereby creating the conditions for erosion 
(Furukawa et al., 1997; Henderson et al., 2017). These two seemingly contradictory 
roles for mangrove vegetation reflect the balance between the competing processes 
of turbulence production and energy dissipation, which is governed by the spatial 
distribution and density of vegetation. However, as of yet, no field studies in 
mangroves have quantitively connected vegetation density and hydrodynamics to 
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depositional patterns. Such patterns have only been qualitatively described for 
mangroves (e.g., Krauss et al., 2003; Kumara et al., 2010; Mullarney et al., 2017b; 
Spenceley, 1977).  
1.3.4 Turbulence 
The ability of mangroves to hydrologically engineer their environment arises from 
the turbulence generated within their root and leaf canopies (Krauss et al., 2003; 
Mullarney et al., 2017a; Spenceley, 1977). Recent studies have suggested that 
circulation patterns at the forest-scale are dominated by drag forces generated 
within the mangrove root canopies when the water depth is of the order of the root 
height (Mullarney et al., 2017a). However, relatively few studies have investigated 
turbulent wake production within mangroves at the root scale (e.g., Furukawa et al., 
1997; Furukawa & Wolanski, 1996; Mazda et al., 1997b; 2005). In the field, 
Furukawa & Wolanski, (1996) observed “jets, eddies and stagnation zones” 
forming in the wake of Rhizophora prop roots. The flow rate through the root 
structures was later quantified in Furukawa et al., 1997 using the VORTEX model 
to simulate the complex flow structure forming in the wake of the obstructions. As 
of yet, no studies have quantified turbulence in mangrove roots in situ. Meanwhile, 
much work has been completed in other marine ecosystems such as salt marshes 
and seagrasses at the spatial resolution of the vegetation stems (e.g., Lacy & Wyllie-
Echeverria, 2011; Leonard & Croft, 2006; Widdows et al., 2008). Given the 
horizontal and vertical heterogeneity of mangrove root canopies (Liénard et al., 
2016), simplified models (e.g., Furukawa et al., 1997; Mazda et al., 2005; Struve et 
al., 2003; Wu et al., 2001) may not accurately represent the complex 3D root-scale 
flow structure. Similarly, lessons from saltmarsh or seagrass vegetation cannot be 
simply applied to mangroves due to the striking differences in vegetation structure, 
flexibility, height and density between the relatively uniform saltmarsh vegetation 
and the much more heterogeneous mangrove vegetation. Recent studies suggest that 
high near-bed turbulence has been shown to correlate with the formation of scour 
pits and other depositional features (Yager & Schmeeckle, 2013). Understanding 
the impact of vegetation on sediment transport is important because vegetation is 
ubiquitous in water environments. Hence, recent work has focused on examining 
the role of near-bed turbulence and bed shear stress in sediment transport within 
model vegetation (Etminan et al., 2018; Yang et al., 2015; Yang & Nepf, 2018). 
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While these studies are highly instructive, there needs to be direct measurements to 
understand the link between root-scale hydrodynamics and sediment transport in 
nature.  
1.4 Research Objectives 
Previous sections have shown that while there is an abundance of information on 
the large-scale processes in mangroves (tidal flow, wave dissipation, and 
sedimentary patterns), the underlying small-scale processes (turbulence, sediment 
transport) are relatively understudied. While there are few studies that have that 
examined the modification of the flow-field by mangrove root structures (e.g., 
Furukawa et al., 1997; Horstman et al., 2018; Maza et al., 2017; Mazda et al., 
1997b), none of these studies did so in situ. The lack of such data limits our 
understanding of the fundamental processes that shape mangrove ecosystems.  
The present work aims to improve our understanding of these short-term and small-
scale interactions in coastal mangroves, through (i) the collection and analyzation 
of field data from instruments placed within mangrove roots, under (ii) a variety of 
environmental conditions and over (iii) a range of root densities to quantify the 
effect that the horizontal and vertical distribution of mangrove vegetation has on 
local hydrodynamics and morphodynamics.  
1.5 Research Questions 
 The work encompassed in this thesis attempts to answer the following research 
questions:  
1. How does the spatial distribution of mangrove pneumatophore roots affect the 
temporal and spatial distribution of turbulence within the mangrove forest? 
Specifically, how is turbulent energy dissipation affected by wave breaking and 
the water depth (tidal stage)? 
2. How does the heterogeneous vertical distribution of mangrove pneumatophores 
modify the flow field? 
3. How does the bed level respond to variations in hydrodynamic forcing 
conditions (e.g., currents, turbulence, and water depth) throughout a tidal cycle? 




4. How do the spatial patterns in hydrodynamics (e.g., tides, waves, and 
turbulence) affect the distribution of sediment within the mangrove forest? 
1.6 Regional Setting: Field Site and Data Collection  
The Mekong River is one of eight large river systems that flow out of the Himalayan 
Plateau and flows through six countries. In Vietnam, the Mekong River Delta 
(MRD) is home to roughly 20 million people, and is heavily utilized for agriculture, 
aquaculture, oil and gas production, and sand mining (Allison et al., 2017; Anthony 
et al., 2015). These development pressures, in addition to the widespread defoliation 
that occurred during the Vietnam-American War, have affected mangrove coverage 
in the delta. Mangrove extent reached a minimum of 157 thousand hectares in 1999, 
and since has rebounded to 270 thousand hectares in 2015 due to planting efforts 
by the Vietnamese government (Allison et al., 2017). 
Data were collected during two seasons between September – October 2014 and in 
March 2015 as part of the collaborative Mekong Tropical Delta Study (MTDS). 
The primary objective of this overarching study was to understand the sediment 
transport pathways that shaped the evolution of the MRD during the Holocene and 
will continue to shape the delta into the future (Allison et al., 2017; Nittrouer et al., 
2017). Field studies were focused on the Bassac River or Sông Hậu, spanning the 
section between Cần Thơ and the coast (Figure 1.4a). The Sông Hậu is bisected at 
 
Figure 1.4: Regional context of experiments: a) Mekong River Delta with the 
Sông Tiền and Sông Hậu distributaries identified. The white square shows 
approximately the extent of Cù Lao Dung in the Sông Hậu distributary channel 




its terminus by the mid-channel island Cù Lao Dung (Figure 1.4b). Experiments for 
the present work were conducted in the coastal mangrove forest that lines the 
southern seaward edge of the island.  
The Mekong River discharges 470 billion cubic meters of sediment out of its delta 
into the East Sea (South China Sea) per annum on average (Milliman & Syvitski, 
1992). River discharge is modulated by seasonal monsoons. The high-flow period 
is associated with a southwesterly monsoon during the months of July – December 
(Wolanski et al., 1998). This season is categorized by consistent rainfall in the delta, 
light winds, and relatively quiescent marine conditions (wave heights and currents). 
During this period sediment is discharged from the Sông Hậu distributary into the 
East Sea (Fricke et al., 2017; McLachlan et al., 2017). In contrast, the low-flow 
period occurs during the northeast monsoon (January – July) which is characterized 
by drier conditions, higher wind speeds and larger swell waves. During this period, 
energetic marine conditions mobilize sediment from the continental shelf, moving 
it towards Cù Lao Dung through the combined action of river flow, tides and waves 
(Eidam et al., 2017). As is evident from satellite imagery, Cù Lao Dung is 
prograding in an asymmetric manner. The southwest corner of the island has 
expanded since the mid 1970’s through a combination of sediment delivery, 
physical mixing by wave action in the Trần Đề sub-distributary (Figure 1.4b), and 
the biophysical processes in mangroves. In contrast, the progradation of the 
northeastern corner of the island has been limited due to a reduced sediment supply 
caused by stratified and less turbid conditions in the Định An sub-distributary 
(Fricke et al., 2017). 
The southern edge of Cù Lao Dung is covered in a mangrove forest that occupies 
approximately 12.2 km2 between farmland, the river channels, and the East Sea. 
Seaward of the forest, a shallowly sloping interlaminated sand and mudflat extends 
offshore for several kilometers into the estuary (Fricke et al., 2017). Early in the 
1980’s, mangrove areas that had been converted to shrimp ponds and sugar cane 
fields experienced greater erosion rates, prompting the government to plant 
Sonneratia caseolaris mangroves to manage land loss (Fagherazzi et al., 2017). 
Over time, sediment accumulation on the island has favored mangrove expansion, 
predominantly in the southwest. Presently, the southern edge of the island is 
colonized by Sonneratia caseolaris, with a mix of Avicennia marina, Aegiceras 
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corniculatum mangroves, and Nypa fruticans palms that inhabit the higher inshore 
areas (Bullock et al., 2017). Despite human assistance in plant establishment, this 
species distribution currently provides similar ecological functions as a natural 
forest (Wölcke et al., 2016).  
Experiments were conducted in the southwestern (SW) and northeastern (NE) 
corners of the island (Figure 1.4b) using a combination of fixed and independent 
movable instrument arrays arranged along a across-shore transect spanning the 
mudflat to the forest interior. Instruments (velocimeters and pressure sensors) were 
configured to record changes in the local hydrodynamic conditions over the varying 
substrates and regions of mangrove density. Fixed instruments were left in place 
for the duration of the field experiments, while the moveable instrument packages 
were used to record several tides before being redeployed in a new configuration. 
Such experiments had one of two configurations: either ‘flats to forest’ (Figure 1.5a 
– c), where instruments were deployed simultaneously in the mudflat, mangrove 
forest fringe, and forest environments, or ‘fine scale’ (Figure 1.5d), where 
instruments were deployed in close proximity to dense canopies of pneumatophore 
roots and to each other. These two instrument configurations were used to address 
the primary questions of this thesis (Section 1.5). Large-scale trends in the 
turbulence production across the gradient of mangrove vegetation between fringe 
and forest (Questions 1 and 3) were assessed with the ‘flats to forest’ instrument 
configurations, and the small-scale flow patterns around the root structures 
(Question 2) were assessed with the ‘fine scale’ configurations. The linkages 
between hydrodynamics and sediment transport (Question 4) were also assessed 
with the ‘flats to forest’ configurations, in addition to sediment sampling in the 
vicinity of the instrument deployment locations (discussed below).  
Specific information on instrument deployment configurations, data logging 
parameters, quality control, and analysis are given in the methods sections of each 
subsequent chapter for the individual experiments. In brief, flow speeds and 
directions were measured using a variety of acoustic current meters, either Nortek 
Aquadopps or Nortek Vectors (generically, an ADCP and ADV, respectively). 
Fixed instrument deployments typically consisted of either an ADCP or an ADV 
mounted to the bed, and recorded pressure and 3D velocity measurements at high-
frequency (8 Hz or 32 Hz, respectively) to resolve waves. In some experiments, 
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either an ADCP or ADV was deployed within a fine-scale array to record conditions 
above the pneumatophore canopy. A weather station was deployed in the SW 
approximately 130 m offshore of the mangrove forest fringe 3.6 m above the 
mudflat to record local atmospheric conditions (Figure 1.5f).  
A novel feature of these experiments was the use of the Nortek Vectrino Profiler 
(or ‘Vectrino’ for short) in the field. The Vectrino is an instrument designed to 
resolve flows over very fine spatial resolutions (1 mm) at very high frequencies (up 
to 100 Hz), making these instruments ideal for resolving turbulence. However, 
these instruments were designed for laboratory use only as they require a power 
supply and do not internally log data on their own. Experiments were designed 
around the deployment of three Vectrinos, either in separate environments (as per 
the ‘flats to forest’ configuration), or the same environment (as per the ‘fine scale’ 
configuration). Each Vectrino was connected via 100 m cables to a laptop that 
synced measurements between instruments and logged current data (Figure 1.5e). 
Power was supplied to the instruments and laptop using two 12 V batteries that were 
connected through an in-house designed communications box (see: Mullarney et 
 
Figure 1.5: (a) to (c): example ‘flats to forest’ instrument configurations. (d): a 
‘fine scale’ configuration. Three Vectrinos were deployed in a horizontal row 
amongst a cluster of pneumatophore roots. (e): Vectrino data logging station with 
the communications and power boxes, and a field laptop in a special water-
resistant housing. (f): a HOBO U30 weather station deployed offshore on the 
mudflat in front of the mangrove forest in the SW. Scientists for scale 




al., 2017b for details). Each instrument was mounted to an aluminum frame that 
was driven into the substrate at each measurement location, typically tens of 
centimeters above the bed. Prior to data collection, the Vectrinos were aligned to 
the vertical using a bubble level. 
As many of the primary questions addressed in this thesis depend on assessments 
of vegetation density, high-quality measurements of vegetation geometry were 
required. Traditionally, assessments of vegetation characteristics are made by hand-
counts and caliper measurements of feature diameters within small cordoned off 
areas delineated by a quadrat. However, recent advances in photogrammetric 
techniques for recreating complex 3D geometries have enabled better and more 
efficient surveying methods (e.g., Gatziolis et al. 2015). During the data collection 
periods in the Mekong Delta, a new sampling method for resolving pneumatophore 
geometries was developed. At each instrument deployment location, vegetation 
characteristics (where applicable) were surveyed within a 1 m2 PVC quadrat by 
photographing the quadrat from ground-parallel to an overhead oblique view in 
360°, totaling between approximately 50 – 300 photos per quadrat (Figure 1.6a). 
After returning from the field, these photo data sets were fed into the freeware 
VisualSFM (Wu, 2011) that reconstructs the relative camera position for each photo 
and produces a sparse 3D model of the scene. Point clouds were then edited in the 
freeware CloudCompare to remove features that were not of interest, such as any 
instruments within the quadrat boundary, features outside of the quadrat, and the 
quadrat itself (Figure 1.6b). Pneumatophore geometries were then reconstructed 
from the point clouds using an algorithm developed by Liénard et al., (2016). Their 
‘sector-slice’ algorithm identifies individual root structures and classifies their 
diameters over height ‘slices’ extending from 1 cm of the bed every 5 mm to the 
top of the canopy (Figure 1.6c).  
Sediment characteristics were quantified from hand samples and sediment cores 
collected in the near vicinity of the instrument deployment locations. Sediment 
grain size was determined by separating mud and sand fractions of each sample by 
wet sieving through a 64 μm sieve, then grain size distributions were determined in 
the laboratory with a particle sizer instrument. In addition to sediment samples, 
optical backscatter sensors (OBS) were co-deployed with some of the ADCPs. OBS 







Figure 1.6: Illustration of the photogrammetric reconstruction method used to obtain high-resolution estimates of 
pneumatophore geometries. (a): a sample photo from one of the photo sets used to reconstruct vegetation geometry. 
In this image a 1 m2 quadrat delineates features of interest. (b): The point cloud created from inputting the photo set 
into VisualSFM. Note that the quadrat has been removed from this reconstruction. (c): Pneumatophores represented 
as three-dimensional shapes from near the bed level (dark colors) to the top of the canopy (light colors). Each height 
‘slice’ is represented here as a cylinder, where the cylinder diameter is the twice the mean of the radius of each slice 
as generated by the sector-slice algorithm (Liénard et al. 2016). 
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at either 2 or 6 Hz. Turbidity levels were determined by calibrating instrument 
voltages with in situ water samples. The sediment sample analysis and calibrated 
OBS data were provided by Aaron Fricke from the University of Washington. 
1.7 Thesis Outline 
Each of the following three chapters was intended as a stand-alone document for 
submission to an international, peer-reviewed journal. 
 Chapter 2 focuses on the large-scale patterns (100 m) of the turbulent kinetic 
energy dissipation measured within clusters of mangrove pneumatophore roots 
across the mudflat to the forest interior. Spatial patterns in sediment grain size 
distributions were correlated to the hydrodynamic measurements to infer 
morphodynamics. This study was the first to quantify the spatial distribution of 
turbulent energy dissipation in relation to environmental conditions (i.e., 
variance in water depth, wave height) and mangrove root density. This work 
was published in Continental Shelf Research in August, 2017 for a special issue 
on the MTDS, with myself as first author. Additionally, some of the findings 
from this study were also published in a special issue of Oceanography 
magazine in September, 2017 with myself as third author. 
 The objective of Chapter 3 is to link the vertical (heterogeneous) distribution of 
mangrove pneumatophore roots with zones of turbulence generation, as the root 
structures can often occupy a large fraction of the water depth in shallow (~3 
m) intertidal environments. Turbulence statistics were calculated from high-
resolution velocity measurements collected by instrument arrays that were 
designed to quantify the horizontal and vertical evolution of flows around the 
root structures. Although numerical modeling studies often require 
parameterizations of turbulence in vegetated areas, measurements of this detail 
have not been made in mangroves before. This work has been submitted to the 
Journal of Geophysical Research: Oceans. 
 Chapter 4 explores the physical linkages between turbulence generated within 
mangrove roots and sediment transport. Oscillations in the near-bed velocity 
were correlated using a cross-wavelet transform with oscillations in the 
temporally variable bed level at each measurement location. Net bed level 
changes during highly coherent ‘movement events’ were also statistically 
correlated with variables commonly associated with sediment transport (i.e., the 
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bed shear stress, turbulent energy dissipation, mean current velocity, wave 
orbital velocity and water depth) to reveal how temporal and spatial changes in 
these variables affect the sediment transport capacity of the forest. Further, to 
understand the effect of mangrove roots on morphodynamics, the small-scale 
(< 1 m) spatial distributions of pneumatophores are correlated with bed level 
change over a single tidal cycle. This work will be submitted to 
Geomorphology. 
The three research chapters are followed by a concluding discussion in Chapter 5, 
which summarizes the main findings of this thesis and ends with overall 
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Chapter 2 presents the article entitled “The Effect of Pneumatophore Density on 
Turbulence: A Field Study in a Sonneratia-dominated Mangrove Forest, Vietnam”, 
which was published in Continental Shelf Research in 2017. Data were collected 
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figures and wrote the initial and subsequent drafts of this manuscript. My co-
authors, Julia C. Mullarney, Karin R. Bryan and Stephen M. Henderson edited my 
drafts and provided helpful comments, direction, and editorial help responding to 





This chapter examines the role of mangrove pneumatophore roots as a spatial 
control over the turbulent kinetic energy (TKE) dissipation rate within a natural 
mangrove forest. Measurements of turbulence at millimeter scales were compared 
with vegetation geometries reconstructed using a novel photogrammetric 
technique. These small-scale relationships were then averaged to show larger-scale 
patterns in turbulence across the mudflat and mangrove fringe-forest transition. 
Although turbulence estimates varied with across-shore position, TKE dissipation 
was always elevated in the fringe relative to mudflat and forest interior sample sites. 
The largest dissipation rates (4.5 x 10-3 W kg-1) were measured as breaking waves 
propagated over canopies in very shallow water.  Dissipation was reduced, but often 
remained intense (10-5 – 10-4 W kg-1) under non-breaking waves at the fringe, likely 
indicating turbulent generation in pneumatophore wakes. Pneumatophore density 
was positively correlated with the spatial distribution of TKE dissipation. 
Turbulence was also correlated positively with wave height and negatively with 
water depth. Fringe sediments were sandier and less muddy than sediments onshore 
and offshore, suggesting that the intense turbulence may lead to winnowing of fine-
grained sediments at the fringe. 
2.1 Introduction  
Mangrove forests are characterized by high biological productivity and are known 
to provide a variety of valuable ecosystem services. Growing in intertidal regions, 
mangroves’ aerial root structures dissipate the energy of waves and currents, 
fostering an environment that is suitable for their proliferation (Furukawa et al., 
1997; Thampanya et al., 2002). In coastal and riverine zones, mangroves can lead 
to substrate stabilization (McKee & McGinnis, 2002), wave attenuation (Horstman 
et al., 2012; 2013; Mazda et al., 2006), and the aggradation of sediments to form 
new landmass (Krauss et al., 2003). Although limited in their global extent, 
mangrove forests are also regions of rapid carbon burial (Duarte et al., 2005). 
Today, many mangrove stands are in decline, with total worldwide coverage 
reduced from 18.8 x 106 ha in 1980 (Wolanski, 2007) to about 13.8 x 106 ha in 2010 
(Giri et al., 2011). In many regions, rehabilitation efforts are being undertaken to 
restore critically affected mangrove forests (Alongi, 2002). Informed planning of 
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such projects requires an understanding of the hydrodynamics that influence forest 
growth. 
Over large spatial scales (tens to hundreds of meters), flow patterns have been 
examined around mangrove creeks, rivers and in the nearshore (see: Aucan & Ridd, 
2000; Furukawa et al., 1997; Horstman et al., 2013; Wolanski et al., 1980). Several 
studies have quantified the spatially averaged drag force within mangroves, and 
bulk parameterizations for drag have been developed (Mazda et al., 1997b, 2005; 
Vo-Luong & Massel, 2008; Wolanski et al., 1980). At smaller scales, Furukawa & 
Wolanski, (1996) observed large turbulent fluctuations in water velocity near the 
prop roots of Rhizophora mangroves, but did not quantify the dissipation of 
turbulence. Instead, simplified numerical models were used (Furukawa et al., 1997) 
to simulate flow around the roots to explain their observed sedimentation patterns. 
Much of the present process-based understanding of the small-scale hydrodynamics 
of vegetated regions comes from flume and numerical studies. However, the 
extension of this understanding is complicated by the challenge of effectively 
recreating the geometry and spatial distribution of natural vegetation in the 
laboratory. The geometric properties and distribution of vegetation are an important 
factor controlling the development of vegetation-induced turbulent features 
(Bouma et al., 2007; Nepf, 2012b). These turbulent features, in turn, influence the 
larger-scale flow patterns that have been observed by previous authors. Although 
formulations to parameterize vegetated flow and wave interaction have been 
developed, these have not yet been tested in natural mangrove vegetation. 
Many published field studies on the hydrodynamic effects of vegetation density 
focus on saltmarsh species such as Spartina spp. Generally, these experiments 
demonstrated a negative correlation between vegetation density and canopy flow, 
and hence turbulence (e.g., Leonard & Croft, 2006; Leonard & Luther, 1995). 
Stands of cordgrass may vary in stem density (n) from 150 stems m-2 to >1800 stems 
m-2 () (Leonard & Luther, 1995; Lightbody et al., 2008; Widdows et al., 2008). 
The frontal area blocking the flow (a) varies from 1 to 7 m-1 (this parameter is 
discussed further in Section 2.2 below) and the fraction of canopy volume occupied 
by solid stems varies from 10-3 to 10-2. Mangrove root morphologies vary between 
species, resulting in a wide range of recorded root densities. For Sonneratia 
mangrove pneumatophores, n ranges from zero to 150 stems m-2, with basal 
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diameters often between one and two centimeters. Corresponding a and  values 
often reach 1 m-1 and 0.01 respectively, with higher values observed in particularly 
dense patches (Krauss et al., 2003; Liénard et al., 2016; Mazda et al., 1997b). While 
past studies focusing on mangrove vegetation have shown that the increase in 
mangrove root densities enhances canopy drag and modulates reach-scale flow 
routing (Horstman et al., 2015; Mazda et al., 1997b), these studies did not focus on 
small-scale flow variability and turbulence. However, similar studies have been 
undertaken within canopies of Spartina (e.g., Leonard & Croft, 2006; Widdows et 
al., 2008). We cannot necessarily extrapolate the canopy effects of flexible species 
such as Spartina spp.; mangrove roots are morphologically distinct from other leafy 
estuarine vegetation and are also relatively rigid. Stem rigidity greatly modifies 
turbulent dissipation rates, with flexible stems dissipating less energy than 
equivalent rigid stems (Luhar & Nepf, 2016; Mullarney & Henderson, 2010). 
Similarly, while flume and modeling experiments have yielded many valuable 
insights into the nature of vegetated hydrodynamics (e.g., Bouma et al., 2005), field 
observations are required to examine turbulence under natural conditions, with 
energetic, directionally spread waves and currents in complex, heterogeneous 
natural canopies. The need for such work is motivated by the connection between 
spatially variable turbulent intensity and sediment transport, which ultimately 
affects marsh morphodynamics (Yager & Schmeeckle, 2013; Yang et al., 2015). 
It is well established that the addition of vegetation greatly modifies flow fields and 
turbulence (e.g., Mullarney & Henderson, 2018; Nepf, 1999; Tanino & Nepf, 
2008b), which ultimately affects the distribution of sediment within vegetated 
reaches. Using artificial canopies and flume models to represent Spartina tussocks, 
Bouma et al., (2007) observed that patches of higher density canes promoted 
sedimentation in their interior while erosion occurred around the edges. These 
patterns were associated with high turbulence around patch edges, and lower 
turbulence in their interior. In field studies of Spartina marshes, increasing stem 
densities decreases turbulence and hence sediment transport for flows transitioning 
between the channel/marsh interface and 20 m inside the vegetation (Leonard & 
Croft, 2006). However, erosion around the edges of Spartina tussocks is 
pronounced, particularly during higher-energy conditions (Widdows et al., 2008). 
Ultimately whether or not mangrove roots can provide a similar sheltering effect as 
saltmarsh plants such as Spartina will be determined by local conditions and species 
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morphology. Mangrove forests have previously been shown to be sinks of 
allochthonous sediment (Van Santen et al., 2007; Walsh & Nittrouer, 2004; 
Wolanski, 1992). Specifically, Van Santen et al., (2007) observed variable 
sedimentation rates in an Aegiceras corniculatum-dominated mangrove forest in 
the Red River Delta (Vietnam). Across a transect of ~100 m, episodic wave events 
resulted in variable sedimentation and erosion in the fringe, while the forest interior 
experienced consistent deposition. Data and observations presented in this chapter 
suggest a similar pattern of sedimentation within a Sonneratia-dominated 
mangrove forest. 
Using field observations from a natural mangrove fringe-forest system, the present 
study examines the broad-scale spatial variability of turbulent energy dissipation.  
We quantify the relationship between turbulence, the spatial distribution of 
mangrove pneumatophore vegetation, and other environmental factors such as 
wave height and water depth. The aim of this study is to link these patterns to 
understand how mangroves might exert a morphodynamic control over their 
environment. Measurements were taken from a fringing mangrove forest in the 
southern Mekong Delta, Vietnam during two different seasons and sixteen 
individual locations to encompass a wide range of vegetation densities and 
hydrodynamic conditions. Both the vegetation and velocimetry data presented 
herein exhibit pronounced spatial variability. We examine the contributions to 
turbulence from the presence of vegetation and derive patterns in these data through 
averaging. High turbulent dissipation rates are associated with correspondingly 
high vegetation density. Based on these measurements and observations of 
sediment properties, we discuss possible effects on regional morphodynamics.  
2.2 Background 
Drag forces and turbulent intensity depend on properties of the flow (e.g., the flow 
velocity, and level of submergence) as well as the vegetation characteristics: the 
number, size, shape and flexibility of stems (Ghisalberti & Nepf, 2006; Leonard & 
Croft, 2006; Mullarney & Henderson, 2010; Nepf, 1999; Nepf & Vivoni, 2000). 
Flows encountering vegetation will form turbulent wakes once the Reynolds 
number (Re = Ud/ν, where U = water velocity, d = stem diameter, and ν = kinematic 
viscosity) is greater than about 50 for a single stem and is within the range of 150 
– 200 for multiple stems (Kiya et al., 1980; Nepf et al., 1997). Within these wakes, 
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the energy of waves and currents is converted into turbulent energy. At high 
Reynolds numbers, the rate of energy conversion is the rate at which work is done 
by the flow against the canopy drag (Raupach & Shaw, 1982). As defined in many 
numerical models of steady flows in rigid vegetation (e.g., Nepf, 2012a; 
Temmerman et al., 2005), the canopy drag force per cubic meter, denoted as FD, is 
a function of both the vegetation geometry and the properties of the flow:  
𝐹𝐷 = 𝑎(𝐶𝐷 2⁄ )𝜌𝑈
2, (2.1) 
where CD is the drag coefficient, a = nd is the frontal area of the canopy per cubic 
meter (units m-1), and n is the number of stems per square meter of the bed (Nepf, 
2004). For complex stems in heterogeneous natural canopies, a varies widely with 
both elevation above the bed and with horizontal location (Liénard et al., 2016). 
The drag coefficient is a function of the canopy density and the Reynolds number, 
and can be accurately predicted by the cross-sectional velocity between stems in a 
dense array (Etminan et al., 2017). This interaction between stems depends on the 
solid volume fraction occupied by the vegetation, , with modifications in the 
effective drag coefficient found in laboratory experiments for  exceeding about 
0.05 – 0.2 (Raupach, 1992; Tanino & Nepf, 2008a). For regular, cylindrical stems, 
a and  are related by  = (π/4)nd2 = (π/4)(ad). Although values of  may range 
from 0 (bare bed) to 1 (solid body), in many natural canopies,  < 0.05, in which 
case interactions between stems are typically neglected, when estimating drag 
(Tanino and Nepf, 2008b). For rigid canopies with high Re and small , multiplying 
the drag (Equation 2.1) by the velocity U gives the rate of work done on the flow, 
which often equals the turbulent dissipation rate. Then dividing by density ρ yields 
a turbulent energy dissipation rate per kilogram of water ε = (CD/2)aU3. Under 
waves, an additional force proportional to the acceleration must be added to 
Equation (2.1) (Sumer & Fredsøe, 1997). However, this additional force is in 
quadrature with the velocity and therefore does no mean work, so the formula for 
the dissipation rate is unmodified if averaged over many wave periods.  
Finally, the within-canopy velocity U that appears in Equation (2.1) is itself 
dependent on vegetative drag. In submerged horizontally-uniform canopies, steady 
mean flows are greatly reduced, relative to velocities above the canopy, for large 
values of λ = ahc, where hc is the canopy height and λ is the canopy roughness, 
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defined as the frontal area of canopy elements per unit floor area (Belcher et al., 
2003; Nepf, 2012b). In such cases the reduction of intra-canopy flow and turbulence 
helps to prevent sediment suspension and hence erosion (Nepf, 2004). Conversely, 
sparse canopies with λ below about 0.1 are characterized by stem-scale turbulent 
wakes that may locally enhance erosional processes and diminish sediment settling 
(Nepf, 2012b). These results for steady flows are modified under waves, where 
within-canopy flows are often forced by fluctuating pressure gradients, in contrast 
to the shear stresses that force steady flows (Lowe et al., 2005). For waves, the 
potential sheltering effect of canopies is often controlled not by  but instead by  
= aCDUwTw/(4π), where Tw = wave period and Uw is a typical amplitude of wave-
induced velocity fluctuations.  For waves with  < 1, as for steady flows with small 
, stems are expected to enhance dissipation and erosional processes (Henderson et 
al., 2017).  
 
Figure 2.1: Overview map of Cù Lao Dung, located in the Sông Hậu distributary 
channel of the Lower Mekong Delta. Two main field sites are highlighted, the 
southwest and northeast (SW and NE), with insets depicting the locations of 
individual measurement and vegetation survey sites within the mudflat, mangrove 
fringe and forest. In SW inset, ‘Md’ stands for ‘mudflat’, ‘Fr’ for ‘fringe’ and ‘Fo’ 
for ‘forest’. Dotted lines in both insets denote the fringe zone of the forest. 
Vegetation type was digitized to differentiate between Sonneratia and other 




2.3 Field Measurements 
2.3.1 Field Site 
The study area is located along the southern edge of Cù Lao Dung (approximately 
9°30'53.38"N, 106°16'6.4"E) in the southern reach of the Mekong Delta in Vietnam 
(Figure 2.1). This mid-channel island bisects the Sông Hậu distributary channel of 
the Mekong Delta as it meets the East Sea (South China Sea). The discharge of the 
Mekong River is modulated by seasonal monsoons. High-flow is associated with a 
southwesterly monsoon season during the months of July – December (Wolanski 
et al., 1998). This season is categorized by consistent rainfall in the delta, relatively 
calm marine conditions (wave heights and currents) and lighter winds. During this 
season, sediment discharged from both channels of the Sông Hậu is transported 
offshore (McLachlan et al., 2017, Fricke et al., 2017). The northeast monsoon 
season (January – July) is characterized by drier conditions, higher winds and larger 
waves. During this period, the energetic marine conditions may mobilize offshore 
sediment, moving it toward Cù Lao Dung through the interaction of river flow, 
waves and tides (Eidam et al., 2017). Though a combination of sediment supply 
and physical forcing, the island is prograding in an asymmetric manner. The 
relatively rapidly prograding southwest corner of the island is characterized by an 
extensive mudflat and wide mangrove forest that tapers to a shorter mudflat and 
forest in the northeast. This asymmetry produces differences in the wave climate 
and the bed slope at each site. Recorded wave heights in the southwest exceeded 
those of the northeast, while the northeast floods more quickly due to a steeper bed 
slope (Fricke et al., 2017). At the mouth of the river, the tidal range is ~3 m 
(Wolanski et al., 1996) 
Although much of Cù Lao Dung has been developed for agriculture, an artificial 
levee separates farmland from a sea-fringing and dense mangrove forest. The higher 
elevations of the forest interior near the levee are predominantly composed of 
Avicennia spp., and Aegiceras corniculatum mangroves and Nypa fruticans palms 
(Hong & San, 1993). The seaward fringe along the southern tip of the island is 
dominated by the pioneering Sonneratia spp., both Sonneratia alba and Sonneratia 
caseolaris mangroves (Nardin et al., 2016a). The two main study sites were located 
within the southwestern (SW) and northeastern (NE) corners of the island (Figure 
2.1). All experiments were conducted either on the un-vegetated mudflat, or under 
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the cover of S. caseolaris mangrove trees. Tree density is highest in the seaward 
fringe region (x = -10 m to x = 20 m onshore) along the southwest transect (Bullock 
et al., 2017), and declines with distance inside the forest. Within the seaward fringe, 
groups of mangrove trees produced a dense and patchy ‘canopy’ of pneumatophore 
(pencil) roots with diameters on the order of 1 cm. In contrast, the northeast 
mangrove fringe is predominately sparse, established Sonneratia mangroves with 
substantially larger diameter (~1.5 – 2 cm) pneumatophore roots. Particularly dense 
clusters of these aerial roots were observed adjacent to the mangrove tree trunks. 
Tree density at this location increased with onshore distance from the fringe 
(Bullock et al., 2017). Experimental sites were chosen to encompass a range of 
vegetation and hydrodynamic conditions within areas of the fringe (x = -10 – 20 m 
of the forest edge) and deeper into the forest interior (x = 20 – 100 m inside the 
forest). 
2.3.2 Vegetation Sampling 
Field measurements were obtained between September – October of 2014 and in 
March 2015 within the mangrove forest of Cù Lao Dung during a spring-neap 
transition. Sites were selected by locating clusters of pneumatophores to sample 
regions within both the seaward mangrove fringe and the forest interior (Figure 
2.1).  Instruments were deployed in clusters of pneumatophores and were located 
away from tree trunks to avoid upstream wake effects. Pneumatophores 
surrounding instruments were then delineated using a 1 m2 quadrat. In the SW, eight 
deployment locations were chosen in the fringe to span the range of observed root 
densities. Note that a single quadrat was collected in the vegetated fringe seaward 
of the digitized location of the fringe line, x = 0 (see Figure 2.1, SW inset), owing 
to the ambiguity in the exact location of the ‘fringe’. Due to logistical constraints, 
fewer deployments were conducted in the forest interior of the SW. Two 
deployments were also conducted in the seaward mangrove fringe on the NE side 
of the island.  
Vegetation geometry was estimated using the photogrammetric reconstruction 
method developed by Liénard et al., (2016), which is summarized briefly here. Each 
quadrat was photographed 55 – 390 times in 360° around the site while varying the 
pitch angle from ground-parallel to oblique-overhead. Image sets were then 
processed using the open source structure-from-motion software package Visual 
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SFM (see: Wu, 2011) to generate a dense 3D point cloud.  In addition to resolving 
pneumatophores, these point clouds allowed for the precise positioning of the 
Vectrino current meters used to measure turbulence (Figure 2.2b, Section 2.3.3). 
After editing point clouds in the open-source software CloudCompare to remove 
features such as the instruments and the quadrat, three-dimensional pneumatophore 
geometries were reconstructed (Figure 2.2c), using the sector-slice algorithm 
developed by Liénard et al., (2016). The resultant datasets contained the center 
point and diameter for every pneumatophore, evaluated every 5 mm along a vertical 
profile extending from about 2 cm above the bed to the top of the root canopy. To 
generate vegetation statistics that are representative of drag on the predominantly 
horizontal (on-site measurements confirm horizontal dominance) near-bed flows, a 
and  were estimated at the sampling heights (hv) of the velocity measurements 
(Table 2.1, Section 2.3.3). To evaluate a within a quadrat, the number of stems that 
reached hv were multiplied by the mean root diameter and divided by the quadrat 
area. Relative errors in a values obtained by this method are usually < 10% (Liénard 
et al., 2016).  The volume fraction of the vegetation, , was estimated by summing 
the enclosed areas of all pneumatophores at hv, and then dividing by the quadrat 
area.  
2.3.3 Hydrodynamic Observations 
After surveying the vegetation, we deployed up to three Nortek Vectrino Profilers 
(hereafter, Vectrinos) inside each quadrat area as well as a single additional current 
meter (either a 2 MHz Nortek Aquadopp or a Nortek Vector) near the quadrat 
(Figure 2.2a). Vectrinos are acoustic instruments that are typically used in 
laboratory settings to resolve velocity profiles at millimeter resolution (for example, 
see: Tinoco & Coco, 2014). Field deployments of these laboratory instruments are 
not common (for an exception, see: Lanckriet & Puleo, 2013). Instrument 
deployments were arranged at low tide in either ‘fine-scale’ or ‘flats-to-forest’ 
configurations. For fine-scale deployments, the three Vectrinos were deployed in a 
single quadrat to resolve the small-scale flow variability. For flats-to-forest 
deployments, the three Vectrinos were split between three separate quadrats to 
record conditions synoptically in the mudflat, fringe and forest. For these cases, 
instrument deployments were typically separated by >40 m (Table 2.1). Each 
configuration was used for one to two days before instruments were moved and 
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arranged in a new configuration. Prior to each experiment, instruments were 
deployed during low tide. Vectrinos were mounted to fixed frames and were 
deployed within the pneumatophore canopy. Synchronized data from the three 
Vectrinos were recorded by a single laptop, connected to the instruments by 50 m 
cables. Data were recorded continuously at 50 Hz.  For flood tide cases, Vectrino 
data collection began just after all three instruments were submerged by the rising 
tide and continued until just before slack tide. For ebb tide cases, data collection 
began at high tide and continued until instruments emerged from the water. The co-
located Nortek Aquadopps or Vectors were set to record nearly continuously at 8 
Hz or 32 Hz, respectively, for the duration of each experiment. Aquadopps sampled 
at 25 mm vertical resolution over short profile lengths of 0.45 m (SW side) and 0.22 
m (NE side). These instruments provided ancillary data such as wave height, current 
direction and velocity, measured above the pneumatophore canopy. Prior to 
analysis, Vector and Aquadopp time series were cropped to the length of the 
corresponding Vectrino deployments. Instrument deployment configurations and 
the Vectrino record durations are listed in Table 2.1, ordered by their across-shore 





Table 2.1: The locations of quadrat surveys and hydrodynamic measurements collected. Quadrats are organized by their cross-shore location. 
Each vegetation survey was accompanied by hydrodynamic measurements collected by the listed instruments deployed. ADCP refers to a 
Nortek Aquadopp, Vectrino refers to the Nortek Vectrino Profiler, and ADV refers to a Nortek Vector. Quadrats with the designation ‘a’, ’b’ 
and ‘c’ were deployed in the same location and multiple vegetation surveys were collected at this site. Synoptic ‘tidal flats-to-forest’ 
experiments were conducted in three locations on the same days. Measurement heights were measured prior to conducting the experiment 
and are relative to the initial bed levels of the experiments. Deployment durations are rounded to the nearest half hour. 
Location Date Start time (HH:MM) Deployment Duration Quadrat Name Across-Shore 
Distance (m) 












15:20, 07:00 3 hours, 3 hours Mudflat -50.35 ADCP, 1 Vectrino 0.02 
SW 27-09-14 14:00 3 hours Mudflat -37.17 ADV, 3 Vectrinos 0.06 




15:23, 06:20 3 hours, 3.5 hours Q2 0 ADCP, Vectrino 0.04 
SW 07/03/2015 14:00 4 hours Q3a 0 ADV, 3 Vectrinos 0.02 
SW 08/03/2015 14:20 5 hours Q3b 0 ADV, 3 Vectrinos 0.21 








15:20, 07:00 3 hours, 3 hours Q5 1.37 ADCP, 1 Vectrino 0.02 
SW 24-09-14 12:13 1 hours Q6 4.95 ADCP, 3 Vectrinos 0.10 
SW 25-09-14 12:45 2.5 hours Q7 5.92 ADCP, 3 Vectrinos 0.04 
SW 26-09-14 13:30 3 hours Q8 6.16 ADCP, 3 Vectrinos 0.04 
























Figure 2.2: (Panel a) a typical instrument deployment around one of the vegetation survey sites on the 
SW transect within the mangrove fringe. (Panel b) 3D point cloud generated by the structure-from-
motion software created from approximately 200 photographs of the quadrat scene. (Panel c) 
Pneumatophores represented as 3D shapes with circular horizontal cross-section, and with elevation-







2.4 Data Analysis 
Aquadopp velocity data were post-processed by first removing data with low 
correlation coefficients. Bins that exhibited phase-wrapped velocities (see 
Lohrmann & Nylund, 2008) were removed and gap filled using data with the same 
spectral characteristics. Vector and Vectrino velocities were similarly filtered to 
remove data with low correlations and signal-to-noise ratios, then outlier velocity 
spikes were identified, removed, and gap filled by interpolation following the 
routine outlined in Goring & Nikora, (2002). For each Aquadopp and Vector 
pressure record, significant wave heights, Hs and peak periods Tp, were estimated 
every 10 minutes, calculated from measured 0.05 – 1 Hz pressure fluctuations, 
using linear wave theory to account for frequency-dependent depth attenuation (Tp 
= 1/fp where fp is the frequency band with the greatest energy; Hs estimated as 4 
times the standard deviation of the surface elevation). For details see: Wiberg and 
Sherwood, (2008). From the Vectrino data, time averaged velocities were produced 
for every depth bin using the following method. Vectrino velocity records were first 
split into segments containing n = 1500 samples (30 seconds) using a 30% overlap 
between segments. Velocities were rotated into across-shore (u), along-shore (v) 
and vertical (w) components. Finally, mean horizontal velocities were computed. 
To account for the variation in current direction with cross-shore position, 
horizontal velocity magnitudes were calculated, U = √u2 + v2, and then were time-
averaged, to produce one velocity magnitude per segment, per depth bin. 
Additionally, turbulence statistics (the dissipation rates) were calculated from the 
same original Vectrino velocity profiles using the method outlined in Section 2.4.1, 
below.  
2.4.1 Dissipation rate of turbulent kinetic energy 
The Turbulent Kinetic Energy (TKE) dissipation rate was calculated from vertical 
velocity profiles recorded at each Vectrino deployment location using the structure 
function method of Wiles et al., (2006). The structure function has previously been 
employed to calculate dissipation rates using Vectrino Profiler measurements 
(Lanckriet & Puleo, 2013). Using this method, turbulence estimates can be readily 
derived from differences between velocities measured at several closely spaced 
locations (“bins”) along the sampled profile. This differencing technique filters out 
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large-scale variability in the velocity field, such as wave oscillations, permitting the 
ability to focus on small-scale turbulent eddies.   
First, Vectrino velocity records were split into segments containing n = 1500 
samples (30 seconds). At every elevation z along the measured profile, 30-second 
time series of the vertical velocities were linearly detrended to yield a 50 Hz time 
series, w(z). The second-order longitudinal structure function D(z,r) is then: 
𝐷(𝑧, 𝑟)  =   [𝑤(𝑧) – 𝑤(𝑧 +  𝑟)]2 (2.2) 
where the overbar denotes a time average. Therefore, D(z,r) is the variance of the 
difference between two velocities separated by a distance r, with the first velocity 
at the along-beam position z. This structure function represents the intensity of 
small-scale velocity variability, which is dominated by turbulence. From 
Kolmogorov’s theory, for scales of r within the inertial subrange,  
𝐷(𝑧, 𝑟) = 𝐶𝑣
2𝜀2/3𝑟2/3, 
(2.3) 
where Cv2 = 2.0, is an empirical constant (Pope, 2000).  Therefore, whereas D is a 
function of separation distance r, the turbulent dissipation rate ε is a single scalar 
characterizing the intensity of small-scale turbulence. To estimate ε, the measured 
D(z,r) is fitted by linear regression to the equation 
𝐷(𝑧, 𝑟) = 2𝜎𝐵
2 + 𝐴𝑟2/3 (2.4) 
where the fitted slope A is related to dissipation by A = Cv2ε2/3, and the fitted offset 
2σB2 accounts for instrument noise, and is otherwise assumed to be independent of 
r (Wiles et al., 2006).  This fitting of Equation (2.4) was performed for r = 1 – 5 
mm, yielding ε estimates every 1 mm along a profile length of 30 mm (which is the 
length of the Vectrino profile minus rmax). The maximum lag of 5 mm was chosen 
as a compromise between the aim of eliminating wave motions (best achieved using 
small rmax) and the goal of obtaining stable estimates of slope (provided by larger 
rmax).  To examine the sensitivity of the structure function to rmax, a range of 
maximum lags from 4 to 10 mm were tested. Results show small increases in ε up 
to a lag distance of 6 mm, while larger lags produce smaller estimates of ε and poor 
fits to Equation (2.4). The TKE dissipation rate estimates derived from these two 
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vertical velocity estimates were averaged together to create one estimate per 30-
second interval for the entire duration of the Vectrino deployment.  
When Vectrinos were deployed very near the bed (≤ 0.06 m, 21% of deployments) 
velocity bins whose elevation was less than 10% of the range from the transducer 
to the bed were excluded to eliminate measurements contaminated by sidelobe 
reflections from the bed. Furthermore, any bins whose height was less than that of 
the wave boundary layer were also excluded from the analysis. Since the structure 
function employs a ‘center differenced’ approach, bins +2 mm (towards the bed) 
from any center bin near the boundary layer was also excluded. Following Fredsøe 









where the wave orbital excursion Aδ = Uw/r, the wave velocity amplitude is Uw 
(Appendix A) the wave radian frequency is r, and the Nikuradse roughness length 
kN was estimated as the median grain diameter of sediments collected from near the 
instrument (Fricke et al., 2017). Of the experiments where the Vectrinos were 
within 0.06 m of the bed, velocity samples removed for being within the wave 
boundary layer account for no more than 10% of all samples.  
Where possible, turbulence estimates were extracted from the middle bin in the 
profile (where the signal-to-noise ratio was maximum).  When Vectrinos were near 
the bed, and the middle bin was too close to the bed to provide useful data, 
turbulence estimates were selected from either bin 5, or the lowest bin above the 
wave boundary layer. Measurement heights hv at which turbulence estimates were 
obtained are listed in Table 2.1. Turbulence estimates and time-averaged velocity 
magnitudes were compared with the root densities estimated at the same height hv. 
2.4.2 Tide Intervals and Quadrat Subsampling 
Although the 1 m2 quadrats provide representative samples of the seaward fringe 
and forest root densities, they do not resolve the sub-meter variability within the 
quadrats themselves. In most cases, the Vectrinos were placed inside the quadrat 
adjacent to a cluster of roots a few tens of centimeters across. Under mean currents, 
patches on the order of this diameter are expected to generate stem-wakes 
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downstream at a distance of 2 – 3 times the patch diameter (Nicolle & Eames, 2011; 
Zong & Nepf, 2012). Additionally, wave orbital displacements are expected advect 
turbulence a few tens of centimeters from the pneumatophores. Since 
hydrodynamic conditions such as the water velocity and wave height depend on the 
level of tidal inundation, different stem clusters around the Vectrino may have been 
responsible for generating wake turbulence throughout the tide. To improve 
estimates of the effective densities that generate turbulence within the quadrat 
boundary, a subsampling method was used to focus on the clusters of roots most 
likely to have generated stem-wake turbulence. Vegetation density was measured 
within small 20-by-20 cm ‘quadrats’ upstream of the instruments.  
To examine the dependence of turbulence on the level of tidal inundation, the 
pressure time series from the co-located velocimeters (Aquadopps or Vectors) were 
divided into four sections of equal length (Figure 2.3), referred to as: LL, ML, MH 
and HH for low tide, medium-low, medium-high and high tide, respectively. For 
fine-scale deployments, the start of the LL subsection was defined as approximately 
the same tidal depth (0.42 m on average) between the individual experiments. For 
the tidal flats-to-forest experiments, the LL stage began as soon as all three 
Vectrinos were submerged. Typically, these requirements meant the LL stage began 
 
 
Figure 2.3: Example tidal divisions for low (LL), medium-low (ML), medium 
high (MH) and high (HH). Tidal sections are of equal length, beginning after the 
instruments are submerged then finishing at slack tide. Colors correspond to the 





approximately 20 – 30 minutes after the arrival of the incoming flood tide. 
Averaged across all experiments, tidal subsections correspond to water depths of 
0.54, 0.82, 1.0, and 1.14 m for LL, ML, MH and HH, respectively. 
For every subsection of every tide, the “upstream” direction was defined by 
averaging Vector or Aquadopp velocities over the subsection (Figure 2.4a). Quadrat 
reconstructions were rectified so the upstream side was parallel to the coastline. 
Then, 20 cm quadrats were centered over a point directly upstream of the Vectrino 
(Figure 2.4b). Vegetation statistics (n, d and a and ) were calculated for roots 
within the 20-cm quadrats (Figure 2.4c) as outlined in Section (2.3.2). For fine-
scale experiments where the three Vectrinos were deployed in the same 1 m2 
quadrat (not shown), three separate 20-cm quadrats were used, one upstream of 
each instrument.  
Finally, a dataset of vegetation characteristics (n, d, a and ) at the height of each 
Vectrino was generated from all 20-cm quadrats for each tidal stage. Similar 
datasets were created for the environmental factors (tidal depth, and Hs) and the 
fine-scale measurements (TKE dissipation rate, velocity magnitude) by averaging 
the measurements that corresponded to times within each tidal stage. For cases 
where the ebb tide was recorded, averaged hydrodynamic values were taken at the 
same tidal depths of the flood tide values. The result was four datasets for each tidal 
stage, each containing a single value of vegetation characteristics or hydrodynamic 
conditions for every subsample. This averaging by tidal stage will be used to 
 
Figure 2.4: (Panel a) Current vector map showing both the location of the 
collocated instrument and the quadrat deployment (circle and triangle). (Panel b) 
Quadrat reconstruction of pneumatophore diameters at the height slice of the 
velocity measurements. The triangle represents the location of the Vectrino 
Profiler. Squares denote the subsampling process according to the arrows in panel 
a. (Panel c) a single 20 cm2 subsample of the vegetation proximal to the Vectrino 
Profiler. This particular example is the dark blue box (HH) in panel b.  
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summarize trends across the range of conditions encountered between sites and 
across seasons. 
2.5 Results 
2.5.1 Hydrodynamic and vegetation observations 
During the September 2014 experiment, water depths measured at high tide in the 
southwest ranged from 1.3 m on the mudflat to 0.7 m inside the forest (location 
Q13). Measured peak wave periods varied from 2 to 3 seconds, and significant wave 
heights ranged up to 0.4 m. Wave-averaged velocities just above the wave boundary 
layer (3 – 11 mm above the bed) on the mudflat, fringe, and forest interior 
respectively reached 0.16 ms-1, 0.14 ms-1 and 0.13 ms-1. Turbulent dissipation rates 
ranged from 3.1 x 10-6 to 3.2 x 10-5 W kg-1 on the mudflat, 3.7 x 10-6 to 8.9 x 10-4 
W kg-1 at the fringe, and 2.8 x 10-6 to 2.6 x 10-5 W kg-1 in the forest. In March 2015, 
water depths were similar to those in September, but waves were more energetic, 
with periods ranging between 3 and 6 seconds, and significant wave heights ranging 
up to 0.72 m. Wave-averaged velocities just above the boundary layer reached 0.17 
m s-1 on the mudflat, 0.16 m s-1 at the fringe, and 0.12 m s-1 in the forest. Spatial 
variability of turbulence resembled that seen during September, with the fringe sites 
producing the largest dissipation rates of 3.7 x 10-4 W kg-1 during one of the synoptic 
flats-to-forest experiments (Q4), and 4.5 x 10-3 W kg-1 during one of the fine-scale 
experiments (Q3a). Oblique shoreward wave-averaged currents were observed 
during the rising tide. Large-scale flow patterns are summarized by Mullarney et 
al., (2017a),  Bryan et al., (2017), and Fricke et al., (2017). The particular example 
highlighted in Figure 2.5 is the experiment conducted during the flood tide of March 
6th, Mudflat (x = –50.54 m), Q4 and Q13 (Table 2.1). Although current velocities 
and turbulence between the three regions varied in intensity with wave height, the 
patterns shown in this figure were consistent for all the other flats-to-forest 
experiments. Onshore velocities over the mudflat (Figure 2.5a) declined, and even 
reversed, as flood tide proceeded (beginning around 14:45). In the vegetated regions 
(Figures 2.5b – c), velocities were directed onshore throughout the flood tide. 
Turbulence (Figure 2.5d – f) was most intense at the fringe, where dissipation 
exceeded 3.0 x 10-4 W kg-1 (Figure 2.5d). Dissipation over the mudflat was less 
intense than in the fringe, although short ‘hotspots’ of intense turbulence were still 
observed (Figure 2.5e). Within the forest, turbulence measurements between the 
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synoptic experiments were variable in intensity. In this particular example, 
dissipation rates did not exceed 2.5 x 10-4 W kg-1 and importantly, also depict lower-
intensity turbulence compared to the other two sites. Figures 2.5f and 2.5i were of 
the furthest experiment inshore of the fringe, Q13. Shortened time series of 
dissipation (Figures 2.5g – i) show distinct hotspots of turbulence generated by the 
remnants of passing breakers (Figure 2.5g) and turbulent wake structures (Figures 
2.5h and 2.5i) generated within mangrove root canopies. 
In the northeast, seasonal patterns in the hydrodynamic measurements resembled 
those observed in the southwest. Water depths in the fringe were similar between 
seasons (up to 1.6 m and 1.75 m at high tide for September and March respectively). 
Larger peak periods (2 – 5 seconds compared with 1.5 – 3 seconds) and waves (up 






Figure 2.5: Vertical profiles of currents and turbulent dissipation during 30 
minutes on March 6th (HAB = ‘Height Above Bed’).  Panels (a–c): Onshore 
current velocities measured at mudflat (a), fringe (b) and forest (c) locations. Raw 
velocities were averaged using a 30 second window and a 30% overlap, removing 
wave-frequency flows. Below-bed values and values corresponding to the wave 
boundary layer, have been removed (in black). (Panels d–f) TKE dissipation rates 
for the mudflat (d), fringe (e) and forest (f). Dissipation rates were calculated using 
a 30 second window of vertical velocities, per depth bin. Similarly to (a–c) below-
bed and wave boundary layer values have been excluded (in black). Panels (g–i) 
show detailed view of times and elevations bounded by dashed boxes in (d–f). 
 




Table 2.2: Pneumatophore survey statistics. All values reported (excluding n and hc) are from the height of the 
corresponding velocity measurement, hv. Unless explicitly stated in the column header, values are reported for the 1 
m2 quadrats. Values of minimum and maximum a (amin and amax, respectively) are given for the 20 cm2 quadrats. 





SW Mudflat 0 0 0 0 0 0 0 0 
SW Mudflat 0 0 0 0 0 0 0 0 
SW Mudflat 0 0 0 0 0 0 0 0 
SW Mudflat 0 0 0 0 0 0 0 0 
SW Q1 81 0.49 1.1 0.77 0.38 8.0E-03 1.45 1.50 
SW Q2 166 0.36 1.2 1.06 0.38 1.3E-02 1.38 2.32 
SW Q3a 66 0.64 2.0 1.17 0.75 2.4E-02 1.97 6.24 
SW Q3b 62 0.54 1.6 0.47 0.25 6.2E-03 0 2.71 
SW Q3c 61 0.57 0.6 0.04 0.02 2.7E-04 0 0.76 
SW Q4 102 0.82 2.0 1.06 0.87 1.8E-02 1.70 4.15 
SW Q5 45 0.56 1.2 0.49 0.27 5.0E-03 0.45 1.28 
SW Q6 139 0.55 1.1 0.76 0.42 7.5E-03 0 2.31 
SW Q7 110 0.37 0.7 0.65 0.24 4.3E-03 0 0.51 
SW Q8 116 0.41 1.1 0.96 0.39 1.0E-02 2.01 2.01 
NE Q9 95 0.49 1.4 0.97 0.47 1.3E-02 0.17 0.54 
NE Q10 77 0.55 1.5 0.84 0.46 1.2E-02 0.22 1.99 
SW Q11 87 0.35 1.0 0.23 0.08 1.9E-03 0 0.30 
SW Q12 84 0.27 1.4 0.93 0.25 1.3E-02 0.47 1.33 
SW Q13 37 0.21 0.6 0.10 0.06 8.5E-04 0.12 0.98 
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As there were no flats-to-forest experiments conducted in the northeast, we cannot 
compare mudflat, fringe and forest environments. Averaged near-bed velocities in 
the fringe reached 1.1 x 10-2 m s-1 and 0.1 m s-1, and turbulent dissipation ranged 
from 3.7 x 10-7 – 1.3 x 10-4 W kg-1 and 1.6 x 10-6 – 3.0 x 10-4 W kg-1, in September 
and March, respectively. These values of dissipation are comparable to moderate 
dissipation values recorded in the fringe at the southwestern site.  
Vegetation surveys showed high spatial variability in pneumatophore root densities 
between the quadrat sample sites (Table 2.2). High-density patches of 
pneumatophores occur when the lateral runner roots of two (or more) nearby 
mangroves intersect, creating root clusters near the point of intersection. 
Pneumatophore canopies are less dense between these clusters, leading to a 
heterogeneous patchwork of mangrove vegetation. In the southwest, higher tree 
densities within a roughly 20-meter-wide band along the seaward forest fringe 
produced a dense but patchy canopy of pneumatophore roots (often n > 100 
pneumatophores per m2). Here, average root diameters varied between 1 and 2 cm. 
 
Figure 2.6: Profiles of the frontal area density as a function of height above the 
bed, a(z). Symbols on the un-vegetated mudflat represent surveys without 
pneumatophores (a = 0 m-1). The black bar shows a unit of 1 m-1 for reference. 
Quadrat locations (Tables 2.1 and 2.2) are denoted by symbols: open circle, 
square and diamond: mudflat deployments; open five-pointed star: Q1; cross: 
Q2; triangle: Q3a; asterisk: Q3b; closed circle: Q3c; closed square: Q4; 
downward-facing triangle: Q5; six-pointed star: Q6; closed diamond: Q7; left-
pointing triangle: Q8; right-pointing triangle: Q9; closed five-pointed star: Q10; 
closed triangle: Q11; closed left-pointing triangle: Q12; closed right-pointing 
triangle: Q13. 
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Canopy heights generally decreased with distance inside the forest, with taller roots 
measured at the forest fringe (up to 0.82 m) compared to the forest interior (up to 
0.61 m, a special case discussed below). In relatively limited sampling of northeast 
vegetation, a wider range of diameters (1 – 4 cm) was observed but with fewer (n 
< 100 m-2) pneumatophores (Table 2.2, Q9, Q10). Vertical profiles of the frontal 
area density a(z), which plays a key role in drag parameterizations (Equation 2.1), 
are summarized in Figure 2.6. In general, the frontal area density decreased with 
increasing z. An anomalous survey at x = –93.76 m (Q13) shows a low-density, 
short canopy near the bed, with a single tall member that brought the max canopy 
height to around 0.6 m. Excluding this peculiar pneumatophore, both canopy 
density and canopy height decreased with distance landward in our survey sites.  
One possible explanation for the pattern of decreasing canopy height with landward 
distance could be the level of sediment accumulation between the fringe and forest. 
The across-shore profile of the southwest increased linearly in elevation from 
mudflat to mangrove forest (Bryan et al., 2017). We observed signs of erosion near 
the bases of pneumatophores in the fringe during March (Figure 2.7a). In contrast 
scour was not observed around the pneumatophores of the forest interior (Figure 
2.7b). Moreover, fringe sediments contained more sand, and less mud, than the 
forest interior sediments. Evidence provided in the following section suggests that 
elevated turbulence within the fringe may influence the scour around 
pneumatophores and account for these observations. 
 
Figure 2.7: (Panel a) Fringe location showing pronounced erosion near 
pneumatophores (e.g. scour pits around small clusters of stems in the middle of 
the photo). (Panel b) Forest location, 94 m landward of the fringe, with no clear 
scour around pneumatophores. 
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2.5.2 Spatial Trends 
Figure 2.8 summarizes the across-shore variability of TKE dissipation, 
pneumatophore frontal area density, and wave height. To create this figure, all data 
from all Vectrino deployments were combined and then binned by the across-shore 
location. The data presented in this figure are from different across-shore locations 
that were often not contemporaneous. Locations of high dissipation also tended to 
be locations of high vegetation density (compare Figures 2.8a and 2.8b). The 
highest turbulent dissipation rate (4.5 x 10-3 W kg-1) occurred during the low-tide 
stage (LL) at the fringe (yellow triangle at 0 m across-shore, Figure 2.8a), 
coincident with the peak of vegetation density (Figure 2.8b). Turbulence was also 
elevated at other positions in the fringe. The highest dissipation rates measured on 
 
Figure 2.8: Turbulent dissipation rates (Panel a), vegetation frontal area density 
(Panel b) and significant wave height (Panel c), with observations from all 
deployments binned at 10 m cross-shore intervals to emphasize spatial 
variability.  Symbols and error bars respectively represent the mean and standard 
deviation of all observations within a 10-m bin.  Panel (a): TKE dissipation, 
shown separately for each tidal stage.  Panel (b): vegetation frontal area profiles 
surveyed at low tide, with values corresponding to current meter elevations 
presented.  Panel (c): Significant wave heights, with all tidal stages combined. 
Error bars depict the range of Hs over the four tidal stages. 
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the mudflat, at the x = –50 m across-shore position, exceeded the dissipation 
measured at several of the forest interior sites (this case is discussed in Section 
2.6.1). The highest dissipation rates in the forest interior were measured at the x = 
70 m, where the pneumatophore canopy was relatively dense. At most vegetated 
locations, dissipation was maximum early in the rising tide (LL or ML).  The 
exception was the dissipation hotspot at the x = 70 m, where dissipation was 
maximum at MH.  In general, dissipation rates were diminished inside the forest 
relative to the fringe. 
In addition to the dependence on vegetation density discussed above, dissipation 
was also correlated with other environmental factors such as the significant wave 
height (Figure 2.8c). Comparison between Figure 2.8a and 2.8c shows inconsistent 
correlation between wave heights and dissipation rates. Linear regression between 
values of Hs in each tidal stage and the corresponding dissipation rates confirms a 
significant but weak correlation between these measurements at each deployment 
position (r-squared: 0.29, p-value < 0.01). Since measurements were not synoptic, 
this weak correlation may have resulted from a timing (i.e., tidal stage) dependency 
in the variables. To conduct a more systematic examination of the dependence of 
TKE dissipation on vegetation density, other vegetation parameters (hc, n, d and a), 
significant wave height, and the other environmental variables (velocity magnitude 
and tide depth), a stepwise multiple linear regression model for all quadrats was 
used. Each quadrat was relatively representative of the hydrodynamic climate and 
canopy density at each location, as care was taken to space the synoptic 
measurements >40 m apart. For the other experiments, quadrats (and instruments) 
were deployed in different regions of the fringe and forest on different days to 
capture the variability of these conditions at each position. Model results suggest a 
significant tidal variability in the dependence of turbulence on vegetation density 
and other environmental factors. At the lowest tide stage (LL), the significant wave 
height (Hs), water depth (h), normalized instrument height to water depth (hv/h) and 
a collectively explain 50% of the variance in the TKE dissipation rate (F = 11.8; p-
value < 0.01), with Hs as the most important predictor of the response in turbulence 
(p-value < 0.01). Similarly, at mid-low tide (ML), both Hs and a combined explain 
31% of the variance in turbulence (F = 7.59; p-value < 0.01). Unlike the lowest tide 
stage, the mid-low tide (Figure 2.3) model shows the vegetation density a as being 
the most significant predictor of the response in turbulence (p-value < 0.01). For 
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both the mid-high (MH) and high (HH) tide models, a was the only variable 
significantly correlated with turbulence, explaining 24% and 13% of the variance 
(F = 16.2; p-value < 0.01 and F =  7.32; p-value = 0.01), respectively. In summary, 
dissipation rates decreased with increasing water depth, and increased with 
increasing significant wave height and vegetation density. From Equation (2.1), the 
drag force and therefore the turbulent dissipation will increase with both flow speed 
and vegetation density, so these trends are not unexpected. The particular 
importance of significant wave height during the low tidal stages is also as 
expected, because larger waves in shallow waters generate higher flow speeds. 
Many of the r2 values quoted above are not especially high, likely because 
turbulence by its nature is intermittent, varies over many orders of magnitude, and 
is highly spatially and temporally variable. Averaging data was necessary to derive 
any patterns in turbulence, particularly over the spatial scales (up to 100 m) and 
limited temporal scales (over half a tidal cycle) considered here. 
During more quiescent periods (September), minimal wave breaking was observed 
except for occasional wind-generated whitecapping over the tidal flats. The more 
energetic conditions of March brought breakers inside the fringe, and occasionally 
 
Figure 2.9: Dissipation rate (ε) versus wave breaking parameter (γ = wave 
height/water depth) for all four tidal stages. Each point represents ε and γ for a 
single measurement location, averaged from the start to the end of a single tidal 
stage. Most points fall below γ < 0.3 indicating minimal breaking, so that wake-
induced turbulence provides the most likely source for high turbulent 
dissipation rates. For γ > 0.3, wave breaking likely contributes turbulence. 
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into the forest. Depending on the frequency of breaking over the instrument sites, 
breaker-injected turbulence may have contributed significantly to the measured 
dissipation rates. The wave breaking parameter, γ, defined by γ = Hs/h, is often used 
to determine the probability of shallow water breaking. Breaking is common for γ 
exceeding 0.5, but rare for γ < 0.3 (e.g., Equation (20) of Thornton & Guza, (1983), 
with their fitted power law, suggests 50% of waves break for γ = 0.5, but only 6.5% 
break for γ = 0.3). To assess the importance of breaking to turbulence observations, 
γ and ε are compared in Figure 2.9. Consistent with visual observations of breaking, 
cases with γ > 0.3 were observed.  For example, the largest dissipation rates (4.5 x 
10-3 W kg-1, Figure 2.8a) were recorded during the LL tidal stage when γ = 0.36, 
suggesting a possible role for wave-injected turbulence within the dense canopy at 
this position (Figures 2.6 and 2.8b). High dissipation was also measured during the 
subsequent tidal stages under breaking conditions (γ > 0.5) as expected. 
Nevertheless, high dissipation rates were also observed in the numerous cases with 
minimal breaking (γ < 0.3). For example, breaking was minimal (γ < 0.3) for most 
cases with dissipation in the range 10-5 to 10-3 W kg-1. Therefore, many cases of 
intense turbulence cannot be explained by wave breaking. We attribute these high 
turbulence levels in non-breaking cases to canopy drag.   
 
Figure 2.10: TKE dissipation rate (ε) versus vegetation frontal area (a) (Panel a) 
or solid volume fraction  (Panel b) for 20 cm2 quadrat subsamples. Open 
symbols correspond to values of γ > 0.3, closed symbols correspond to cases with 
γ < 0.3 (i.e. cases with minimal breaking). 
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Finally, as expected for turbulence produced by canopy drag, the turbulent 
dissipation was correlated with vegetation density (Figure 2.10), with all stages of 
the tide depicting a similar positive trend. Cases with likely breaking (γ > 0.3, 
unfilled symbols in Figure 2.10) displayed a similar dependence on vegetation 
density to cases with minimal breaking (γ < 0.3, filled symbols). In the 
measurements collected in this study, wave velocities (Uw) often exceeded current 
velocities (Uc) above the wave-boundary layer (Appendix A). Defining wave-
dominated cases as those for which Uw > 2Uc, we find for the data displayed in 
Figure 2.10, waves were dominant in most cases with some exceptions early in the 
tide (Uw > 2Uc for 77% of LL cases, and 95% of HH cases, not shown).  
2.6 Discussion 
2.6.1 Dissipation rate magnitude 
Dissipation rates across all sampling sites ranged from 3.7 x 10-7 to 4.5 x 10-3  W 
kg-1, with a mean dissipation rate of 1.0 x 10-4 W kg-1 averaged over all tide stages. 
Peak turbulence occurred at the fringe soon after the arrival of the flood tide. 
Although hotspots of turbulence were observed at other locations during later tide 
stages, turbulence in the fringe was usually elevated relative to the other sites. For 
comparison, estimates of turbulent energy dissipation in other coastal environments 
are typically highest in the surf and swash zones of beaches, while lower turbulence 
is typically found in intertidal areas and tidal rivers. In swash zones (h < 0.25 m), 
measured dissipation rates from 6 x 10-5 to 1 x 10-1 W kg-1 have been reported 
(Lanckriet & Puleo, 2013; Raubenheimer et al., 2004), whereas in surf zones, 
measured dissipation rates have ranged between 3 x 10-7 to 3 x 10-3   W kg-1 
(although wave energy balances imply more rapid dissipation very near the surface, 
where turbulence has not been directly measured, Bryan et al., 2003; Feddersen, 
2012; Trowbridge & Elgar, 2001). In more quiescent intertidal flats and tidal 
channels, measured dissipation rates from O(10-7) to O(10-4) W kg-1 (Jones & 
Monismith, 2008; Mullarney & Henderson, 2012) and O(10-7) to O(10-3.4) W kg-1 
(MacDonald & Mullarney, 2015), respectively, have been reported. In this study, 
the maximum values measured in the fringe were comparable to those measured in 
highly turbulent swash and surf zones. It was expected that the mudflat sites 
produced lower turbulence than the vegetated sites overall, as vegetated regions 
generate higher turbulence intensities (Nepf, 1999). 
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While turbulence was most intense at the seaward fringe, estimates were variable 
on the mudflat and inside the forest. Dissipation rates along the transect 
corresponding to the breaking conditon γ > 0.3 (Figure 2.11) shows that the high 
turbulence on the mudflat at x = -50 m, and further inside the forest (x = 70 and 90 
m), were likely due to wave breaking. Lower dissipation on the mudflat O(10-5) 
might be balanced by turbulence production in the bottom boundary layer while 
moderately high dissipation (10-4 W kg-1) might be balanced by injection of 
turbulence from breaking waves above (e.g., Feddersen, 2012). Mudflat estimates 
of the dissipation rate in the present study were sometimes higher and sometimes 
lower than dissipation inside the forest. For example, sparse vegetation and small 
waves resulted in relatively weak dissipation at x = 50 m, whereas more dense 
vegtation and larger, possibly breaking waves resulted in larger dissipation rates at 
x = 70 m across-shore (Figures 2.8 and 2.11).  
The high intensity of turbulence in the fringe was likely generated locally and 
cannot be explained by onshore advection of turbulence generated on the flats. This 
conclusion is supported by the observation that the turbulent dissipation at the 
fringe was one to two orders of magnitude larger than over the mudflat. 
Furthermore, turbulence was advected only a few meters before most energy was 
dissipated. To establish this, note that the length scale over which turbulence can 
be advected before substantial dissipation is of order u L2 ε⁄
1 3⁄
, where the length 
scale L of turbulent eddies is set to the water depth (likely an overestimate) and 𝑢 
is the mean advection velocity. For typical depths (0.2 - 1.75 m), currents (0.17    
ms-1) and dissipation rates O(10-4) W kg-1, turbulence could be advected only about 
 
 
Figure 2.11: All measured TKE dissipation rates corresponding to the breaking 
condition, γ > 0.3 by across-shore position. Points are binned with horizontal 
distance at intervals of 10 m. 
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5 m (weaker currents, smaller depths, and higher dissipation rates would yield 
smaller advection scales).  
Over muddy seabeds, very high density suspensions sometimes develop very near 
the seabed.  Such “fluids muds” can be associated with rapid wave dissipation 
(McAnally et al., 2007).  However, fluid muds were unlikely to be responsible for 
the rapid turbulent dissipation we observed at the fringe, partly because fringe 
sediments were relatively coarse (Fricke et al., 2017), and partly because the high 
viscosity of fluid muds would be expected to damp small-scale motions, whereas 
our high 𝜀 values correspond to intense small-scale motions.  
2.6.2 Canopy density effects on turbulence 
While waves and wave breaking were a significant contributor, the observed 
patterns in turbulence were also strongly influenced by the patterns in canopy 
density. Estimated pneumatophore densities ranged from  = 2.7 x 10-4 to 0.024 for 
1 m2 quadrats, and from  = 0 to 0.1 in the 20 cm2 subsamples, which tended to 
focus on the denser clusters of pneumatophore roots (see Table 2.2 for 
corresponding values of a). These values are lower than other comparable 
measurements of Sonneratia and Avicennia pneumatophore densities, which ranged 
from  = 0.02 to 0.045 for 1 m2 quadrats (Horstman et al., 2012; Krauss et al., 2003). 
These values are also much smaller than values reported for the knee roots of 
Bruguiera and the characteristic stilt-roots of Rhizophora mangroves (at least 
within close proximity to tree trunks), with densities ranging between 0.19 <  < 
0.45 (Furukawa et al., 1997; Horstman et al., 2012; Mazda et al., 1997b). 
Turbulence estimates in the present study suggest that high turbulence is generated 
within small clusters of pneumatophores. Linear fits between the logarithm of a and 
the dissipation rate for the 20 cm2 quadrats were significant below a 90% confidence 
level (p-value < 0.1) for all tidal stages, while fits of the 1 m2 quadrats were not 
significant (p-value > 0.1) with the exception of the lowest tide stage. Therefore in 
terms of stem-wake turbulence, the 1 m2 quadrats may not provide a representative 
scale for approximating the drag-generating features that produce turbulence. The 
correlation between the high density canopies and correspondingly high turbulent 
dissipation rates resulted in the relationship depicted in Figure 2.10. Previous 
experiments (Tanino & Nepf, 2008a) suggest interference between stem wakes has 
minimal effect on total dissipation, given the pneumatophore densities we observed 
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in most cases, although a small (about 20%) damping effect is expected at the 
highest pneumatophore densities ( ~ 0.1). Since turbulence in the wake of 
mangrove tree trunks was not measured, their contribution to the overall wave and 
current dissipation of the forest cannot be quantitatively extrapolated.  However, 
dissipation is proportional to a(z) (Section 2.2), so the relative importance of 
pneumatophores and tree trunks to horizontally averaged dissipation can be 
estimated by comparing their respective values of a(z).  For pneumatophores, a(z) 
is order 1 m-1 near the bed, whereas for tree trunks a(z) is of order 0.004 m-1 (here, 
we have used a typical observed tree density of n = 0.005 trunks per square meter 
(Bullock et al. 2017), and a trunk diameter of 0.8 m).  Since near-bed a(z) values 
were hundreds of times larger for pneumatophores than for tree trunks, near-bed 
dissipation was likely dominated by pneumatophores. For depth-integrated 
dissipation, calculations are complicated by the depth-dependence of velocity and 
trunk geometry. Neglecting such depth-dependence, an order-of-magnitude 
estimate of pneumatophore and trunk contributions to depth-integrated dissipation 
is obtained by comparing their respective contributions to the depth-integral of 
a(z).  For pneumatophores, the depth-integral of a(z) is about 0.1, whereas for tree 
trunks it reaches about 0.006 at high tide (taking trunks with a = 0.004 m-
1 extending over the water depth of 1.5 m).  This rough calculation suggests that 
pneumatophores dominate depth-integrated dissipation, although detailed 
measurements of depth-dependent velocity and trunk geometry would be required 
to draw firm conclusions.  Other studies have measured variable rates of wave and 
current dissipation with increasing tidal depth, specifically observing that 
dissipation is highest when the tidal depth is below the height of the root structures 
(suggesting a large role for pneumatophores) and again when the tide reaches the 
height of the tree canopies (suggesting an important role for branching, neglected 
in above calculations; Mazda et al., 2006, Horstman et al., 2012). 
2.6.3 Geomorphological implications 
In the present study, root densities were too sparse to shelter the bed from 
turbulence at the fringe; instead, turbulence increased with stem density. However, 
over larger scales (~100 m), turbulence did decrease with distance landward. These 
patterns suggest that turbulence is enhanced in the fringe, then due to wave 
dissipation and vegetative drag, eventually decreases creating a relatively sheltered 
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forest interior. Since Sonneratia pneumatophores are often shorter and are less 
dense than many marsh plants such as Spartina spp. (Leonard & Croft, 2006; 
Neumeier, 2007; Widdows et al., 2008) waves are expected to propagate relatively 
large distances into forests, leading to a relatively wide fringe region of enhanced 
dissipation.  
Since turbulence is in turn is a primary component in the initiation of sediment 
motion (Yager and Schmeeckle, 2013), it is interesting to compare the intensified 
turbulence near the forest edge with observations by Fricke et al., (2017) of 
relatively coarse-grained sediments at the forest fringe that fine with distance 
landward. Possible geomorphological implications are sketched in Figure 2.12: 
sediment is carried shoreward by the rising tide. Energetic turbulence during the 
lower stages of the flood tide may preferentially remove fines from the fringe, a 
suggestion supported by observations of relatively coarse sediments and scour 
around the pneumatophores in this fringing region (Figure 2.7a). Sediment may 
then be advected farther into the marsh and deposited as turbulence levels decline, 
particularly as flows grow weaker approaching slack tide (e.g., Furukawa et al., 
1997). The lack of scour around the forest pneumatophores (Figure 2.7b), and the 
fining of sediment grain sizes in the forest supports this theory. Furthermore, these 
proposed zones of preferential suspension (fringe) and deposition (forest) may 
influence the across-shore bed elevation profile reported in Bryan et al., (2017).  
This preferential distribution of fines inside the mangrove forest is consistent with 
observations by Wolanski et al., (1998) in the Fly River Delta (Papua New Guinea), 
Furukawa et al., (1997) who described the capture of fines as current velocities 
dropped near slack tide, and Van Santen et al., (2007), who quantified 
sedimentation rates. While these studies did not specifically measure turbulence in 
situ, the latter two inferred that the observed patterns in sedimentation were a result 
of the reduction of current velocities with distance inside the mangroves. The results 
of the present study suggest the connection between spatially variable turbulence, 
generated in root canopies by currents and waves, may be a control on the 
morphodynamics of mangrove forests. The patterns in sedimentation, particularly 
the preferential suspension of sediment at the fringe, is consistent with the 
observations of Van Santen et al., (2007) in mangroves, and experiments utilizing 
vegetation analogues (Bouma et al., 2007; Spenceley, 1977).   
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Over longer time scales, these bio-geomorphic feedbacks may influence the 
progradation and succession of mangrove forests. Species such as Sonneratia that 
are more resistant to salt water inundation and wave energy may initially comprise 
coastal mangrove forest fringes. Through mangrove-influenced land progradation, 
mangroves that were once in the fringe may be replaced by other species that prefer 
higher elevations (Nardin et al., 2016b; Bullock et al., 2017). The fringe moves 
seaward, continuing to be occupied by pioneering species. This feedback 
mechanism should function as long as there is ample sediment supply to the 
mangrove forest (Anthony et al., 2010).  
2.7 Conclusions 
This chapter examines the role of pneumatophores as a spatial control on the 
dissipation of turbulent kinetic energy. Turbulence, measured at milimeter scales, 
was compared with complex canopy geometry measured using a three-dimensional 
photogrammetric reconstruction technique. Turbulent dissipation was maximum at 
the forest fringe, where pneumatophore densities were highest. Dissipation was 
highly variable inside the forest throughout the flood tide, with intense turbulence 
corresponding to regions of particularly dense vegetation. Across a range of sites, 
TKE dissipation was positively correlated with vegetation density. Dissipation also 
depended on wave heights and water depths, with the most intense dissipation 
 
Figure 2.12: A conceptual diagram of the mangrove bio-geomorphic feedback 
mechanism presented in this chapter. Larger spirals mean higher intensity 
turbulence. Note: the two illustrated water levels show the tide rising. 
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observed for relatively large waves in shallow water. High turbulent energy at the 
forest fringe may suspend fine sediments that can then be redistributed elsewhere 
in the forest. This theory is supported by observations of coarse fringe sediments, 
scouring around fringe pneumatophores, and an absence of scouring farther inside 
the forest. Such observations suggest a mangrove-influenced geomorphic feedback, 
in which coastal mangrove shorelines accrete landmass from their interior 
outwards. This control may facilitate mangrove succession, whereby stress-tolerant 
mangrove species are replaced by less tolerant species as the seaward fringe 
expands outwards.
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Billows of sediment reveal turbulent wakes forming behind 
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Abstract 
High-resolution velocity measurements were collected within and above two dense 
canopies of mangrove pneumatophore roots in a wave-exposed mangrove forest. In 
both canopies, root density decreased steadily with height above bed owing to the 
variability in root heights and the tapered shape of the roots. Within the canopies, 
we consider turbulence within three zones: near the bed above the wave boundary 
layer, around the mean canopy height, and above the canopy. The near-bed 
turbulence was particularly intense (up to 6.5 x 10-4 W kg-1), likely owing to 
oscillatory wave-driven currents flowing past dense vegetation. Near the bed and 
around the mean canopy height, peaks in horizontal velocity power spectra at 
frequencies corresponding to Strouhal numbers of ~0.2 may indicate Von Kármán 
wake shedding in the lee of the pneumatophores. Furthermore, a recirculation zone 
was observed immediately behind a cluster of pneumatophores at intermediate 
heights. These coherent flow structures were associated with zones of enhanced 
Reynolds stresses (up to 5.3 x 10-3 m2 s-2), and eddy viscosities (up to 1.9 x 10-3 m2 
s-1). Large near-bed stresses were associated with near-bed drag coefficients (a 
parameterization of the bed shear stress) that are up to an order of magnitude larger 
than those expected in the absence of vegetation. Observed eddy viscosities are 
consistent with theoretical expectations, derived from scaling arguments using a 
standard mixing-length model. These results suggest that pneumatophore roots can 
contribute greatly to turbulent mixing (e.g., eddy viscosities were on average O(10-
4 – 10-3 m2s-1), and therefore may enhance the sediment entrainment occurring in 
mangrove forest fringes. 
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3.1 Introduction 
Mangroves are a diverse family of salt-tolerant trees and shrubs that often form the 
dominant plant communities along tropical and subtropical coasts. Mangroves are 
characterized by their complex aerial root systems that effectively dissipate wave 
and tidal currents (Mazda et al., 1997a; McIvor et al., 2012), and hence provide 
protection against wave inundation (Massel et al., 1999; Mazda et al., 2006; Vo-
Luong & Massel, 2008) and tropical storms (Alongi 2008; Wolanski 2007) in places 
that often lack hard coastal defense structures. Through the damping of waves and 
currents, mangroves can also facilitate the deposition of sediment. Provided there 
exists an ample sediment supply, the accumulation rate of sediment and organic 
material in mangrove-dominated reaches may be comparable to the rate of eustatic 
sea level rise (Krauss et al., 2010; Lovelock et al., 2015; McKee, 2011; McKee et 
al., 2007). Despite these valuable services, mangrove forests are generally in 
decline worldwide due largely to human pressures (Alongi, 2002). Former efforts 
to rehabilitate or restore mangrove ecosystems have been met with mixed results, 
with some failures attributed to improper site or species selection, and planting 
techniques (Ellison, 2000). Recent studies suggest that the success rate of seedling 
establishment is based on a narrow window of hydrodynamic conditions in which 
propagules can take root (Balke et al., 2011). Hence, a thorough understanding of 
the physical forces that shape mangrove ecosystems may improve future 
conservation and restoration efforts.  
The hydrodynamics of mangrove environments have been previously explored 
through multiple field studies which focused on forest-scale flow routing 
(Furukawa et al., 1997; Horstman et al., 2013; Mazda et al., 1997; Wolanski et al., 
1980), wave dissipation (Horstman et al., 2012; Massel et al., 1999; Vo-Luong & 
Massel, 2008) and sedimentation (Van Santen et al. 2007; Walsh & Nittrouer, 2004; 
Wolanski, 1995). Contemporary research has suggested that the forest-scale 
patterns are largely dominated by the drag force induced by mangrove roots, 
particularly when the water depth is on the order of the root canopy height 
(Mullarney et al., 2017a; Norris et al. 2017). However, studies focused on the flows 
within the mangrove root structures (Henderson et al. 2017, Furukawa et al., 1997; 
Furukawa & Wolanski, 1996; Mazda et al., 2005; Mazda et al., 1997) are less 
numerous than comparable studies of other marine ecosystems such as saltmarshes 
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and seagrasses (e.g., Lacy & Wyllie-Echeverria, 2011; Leonard & Croft, 2006; 
Widdows et al., 2008). For example, Henderson et al (2017) considered only wave 
(rather than turbulent) flows, and Furukawa & Wolanski, (1996) only qualitatively 
described root-scale turbulent structures in the field. Flow velocities were later 
quantified by Furukawa et al., 1997) through the VORTEX model to simulate the 
complex flow structure forming in the wake of the roots. Given the horizontal and 
vertical heterogeneity of mangrove root canopies (Liénard et al., 2016), simplified 
models (e.g., Lowe et al. 2005; Henderson et al. 2017; Furukawa et al., 1997; Mazda 
et al., 2005; Struve et al., 2003) may not represent the complex 3D flow structures 
that are critical to predicting sedimentation in vegetated areas (Yager & 
Schmeeckle, 2013). Direct, turbulence-resolving measurements are therefore 
crucial for understanding the link between root-scale hydrodynamics and forest-
scale morphodynamics.  
The field of vegetated flow dynamics has been widely studied through laboratory 
flume and numerical modeling experiments (see reviews by: Nepf, 2012a; 2012b; 
Mullarney and Henderson 2018). Experiments are typically conducted on artificial 
canopies with structures of uniform-height, where canopy geometry is described by 
the height, hc, the element diameter, d, the canopy frontal area density a (units of 
m-1, a = nd where n is the number of elements per square meter) and the average 
element spacing S. Wake shedding is initiated at Reynolds numbers (Re = Ud/, 
where U is the velocity of the flow and  is the kinematic viscosity) greater than 50 
for a solitary element perpendicular to a current, and between 150 – 200 for patches 
of elements (Kiya et al., 1980; Nepf et al., 1997). Once initiated, vortex shedding 
from array elements will generate narrow peaks in the downstream velocity power 
spectrum that are equivalent in frequency f to a Strouhal number, St = fd/U of about 
0.2 (Schewe, 1983).  
When Reynolds numbers are sufficiently high that wake-shedding is initiated, 
within-canopy flows often become turbulent, resulting in the standard quadratic 
dependence of drag on water velocity (e.g., Batchelor, 2000).  Expressed per unit 
water mass and summed over all stems, the canopy drag force is then 
𝐹𝐷 = (𝐶𝐷  2⁄ )𝑎𝑈
2,  (3.1) 
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where CD is the canopy drag coefficient, which is typically O(1). Canopy drag 
generates turbulence, hence Equation (3.1) relates to the dissipation rate of turbulent 
kinetic energy by ε = FDU/ρ. For steady flows through submerged, uniform 
canopies, in-canopy velocities tend to be constant with depth, provided the canopy 
density is sufficiently large enough to create drag forces that exceed the bed stress, 
which occurs at the threshold CDahc ≥ 0.23 (Nepf et al., 2007; Nepf, 2012b). In 
sparse canopies where CDahc ≤ 0.23, turbulent eddies penetrate to the bed, and near-
bed wake shedding can be observed behind individual elements (Nepf, 2012b; 
Stoesser et al., 2009). In cases where the mean stem diameter is less than the stem 
spacing, i.e., d ≤ S, the length scale of turbulent stem wakes l is controlled by d. 
At greater canopy densities, wake interference becomes measurable when S < 5d 
(Zhang & Zhou, 2001), and in very dense cases, the turbulent length scale, l = S 
if d > S (Tanino & Nepf, 2008b). The above results for steady flows were based 
on laboratory experiments using depth-uniform canopies, but recent studies have 
shown that these uniform canopies do not necessarily represent the dynamics of 
natural (heterogeneous) pneumatophore canopies (Horstman et al., 2018). In 
general, velocity profiles, and hence turbulence, are strongly dependent both on the 
submergence depth and the non-uniformity of the canopy (Horstman et al., 2018; 
Liu et al., 2010). Recently, two laboratory studies investigated turbulence within 
modeled mangrove forests (Maza et al., 2017; Zhang et al., 2015). Both studies 
focused on Rhizophora mangroves with dense prop root structures, whose geometry 
differs substantially from the pneumatophores of the predominant Sonneratia 
mangroves considered in this chapter. Maza et al., (2017) and Zhang et al., (2015) 
observed two distinct zones of enhanced turbulent kinetic energy: one near-bed 
zone generated by stem and trunk wakes, and another zone formed by velocity shear 
that was generated by the sharp decrease in vegetation density at the top of the prop 
roots. 
Under oscillatory (wave) forcing, in-canopy flow velocities are forced by 
fluctuating pressure gradients in addition to the shear stresses that force steady 
flows (Lowe et al., 2005). When pressure gradients dominate over shear stresses, 
the drag-induced reduction of within-canopy flows scales with = CDaA /2, where 
A  is the wave orbital excursion. Wave dissipation is greatest between low and high 
canopy density regimes, which occurs at values of = 1.4 (Henderson et al., 2017). 
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Relative to above-canopy flows, unsteady flow is greatly reduced within a canopy 
if and only if is sufficiently large. For the cases presented in the present study, 
values were sufficiently low (0.17 – 0.38) that in-canopy wave velocities were 
only slightly reduced by canopy friction (Henderson et al., 2017). For steady 
currents, the parameter  = ∫ a(z)dz plays a role similar to that of  in unsteady 
flow. Specifically, for  > 0.2, canopy drag greatly reduces near-bed velocity and 
bed stress (Belcher et al., 2003; Heidi M Nepf, 2012).  
These previous studies provide an overview of key principals governing the 
hydrodynamics within idealized mimic and real pneumatophore canopies. 
However, the detailed flow structure around natural mangrove roots has not yet 
 
Figure 3.1: Overview map of Cù Lao Dung, located in the Sông Hậu 
distributary channel in the lower Mekong Delta. (Panel a) Regional context 
of deployment region (red square). (Panel b) Deployment locations on the 
seaward edge of Cù Lao Dung; the horizontal turbulence array (HTA) 
experiment was deployed in the southwest, and the vertical turbulence array 
(VTA) in the northeast within 10 m of the mudflat/mangrove forest fringe 
boundary. The symbol ‘W’ denotes the location of the weather station in the 
southwest. Data sources are, Envistat (panel a) and Rapideye (panel b). 
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been described in the field. The present study provides a dataset of high-resolution 
velocity measurements collected in situ within and above dense canopies of natural 
roots in a wave-exposed mangrove forest. From these data, we derive turbulence 
statistics: the turbulent kinetic energy dissipation rate, frequency spectra, Reynolds 
stress and eddy viscosity, as well as several positions of turbulent wake shedding, 
to understand how mangrove pneumatophore roots modify the flow field under 
natural conditions.  
3.2 Field Experiments and Methods 
3.2.1 Experimental Setup 
Field experiments were carried out between 3 – 15 March, 2015 in the mangrove 
forest on Cù Lao Dung, within in the southern Mekong River Delta, Vietnam 
(Figure 3.1). The island is located at the terminus of the Sông Hậu distributary 
channel of the river where it discharges into the East Sea (South China Sea). The 
southeastern, seaward edge of the island is covered by a mangrove forest that grades 
from dominantly Sonneratia caseolaris mangroves at the shoreward edge to a 
mixture of Sonneratia spp., Avicennia spp., and Aegiceras corniculatum mangroves 
and Nypa fruticans palms in the forest interior (Bullock et al., 2017). Seaward of 
the mangrove forest, a shallow interlaminated mud and sand flat extends for several 
kilometers (Fricke et al., 2017). Experiments were conducted in the mangrove 
fringe (< 10 m from the unvegetated mudflat) at the seaward edge of the island 
within the pneumatophore root canopies of the dominant Sonneratia caseolaris 
mangroves. Two sites of dense pneumatophore were selected using a 1 m2 quadrat 
on each side of the island (located at the SW and NE sites, Figure 3.1). Care was 
taken to select sites containing dense root clusters that were situated far away from 
trees in order to focus on turbulence generated by the pneumatophores alone. 
Distances were determined from scaling arguments for turbulent dissipation 
produced by roots versus tree trunks in Norris et al., (2017). 
Three 10 MHz Nortek Vectrino Profilers (‘Vectrinos’) were deployed in the 1 m2 
quadrat areas within and above the mangrove pneumatophore root canopies (Figure 
3.2). In the SW, a horizontal array of Vectrinos was constructed to observe the 
evolution of flows as they encountered a dense cluster of pneumatophore roots 
(Figure 3.2a – b). The Vectrinos were situated with one instrument seaward of a 
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row of pneumatophores at the x = -10 cm position (where x = 0 marks the row of 
pneumatophores), and two instruments landward of the row at the x = 10 cm and x 
= 20 cm positions (hereafter, we use HTA to represent ‘Horizontal Turbulence 
Array’). For brevity, these instrument positions will sometimes be referred to in the 
text as ‘seaward’, for the x = -10 cm position, and ‘landward’, for the x = 10 and 20 
cm positions. Over the course of three days, this array of three sensors was moved 
 
Figure 3.2: Experimental setup for the HTA experiment (panels a – b) and the 
VTA (panels c – d).  Canopies in panel (a) and panel (c) were created by tracing 
the 3D SFM reconstructions of the canopies in profile-view, and depict the height 
of canopy elements relative to the measurement positions. Thick dashed and solid 
lines respectively show the mean canopy height 〈hc〉 and max canopy height hmax. 
Colored dotted lines are the normalized measurement height of the three 
Vectrinos. Canopy elements in blue boxes in panels (a) and (c) correspond to the 
subsampled elements depicted in the blue boxes in panels (b) and (d). Eye 
symbols show the viewing angle of the plan-view panels (a, c) relative to the 
profile view panels (b, d). In panels (b) and (d), triangles show the Vectrino 
positions. Light blue arrows show the mean current flow direction through the 
canopies. Pneumatophore basal diameters are represented by black circles. The 
x-axis scales of panels (a) and (c) are shown for reference in panels (b) and (d). 
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from a height near the bed (z/hmax = 0.04), then to a position near the mean canopy 
height (z/hmax = 0.33) and finally to below the top of the tallest elements within the 
canopy, but above the mean canopy height (z/hmax = 0.85) where z is the 
measurement height and hmax is the maximum canopy height (Figure 3.2a). 
Hereafter, references to HTA1 – 3 in the text refer to each of these three 
experiments. In the NE, a vertical array of the three Vectrinos was installed to 
measure flows within and above the canopy synoptically (hereafter, VTA for 
‘Vertical Turbulence Array’) at positions z/hmax = 0.03, 0.60 and 1.25 (Figure 3.2c 
– d).  Vectrinos recorded velocity profiles over 35 vertical bins at a resolution of 1 
mm continuously at a rate of 50 Hz for 10-minute bursts. Prior to data collection, 
all Vectrinos were leveled with a bubble level to minimize instrument tilt errors 
(see: Mullarney et al., 2017b for details). 
A single Nortek Vector (ADV) was deployed above the third Vectrino (x = 20 cm) 
of each HTA experiment above the canopy at a height of z/hmax = 1.6, and recorded 
pressure and velocities continuously at 32 Hz (Figure 3.3a). For the VTA 
experiment, above-canopy velocities were captured by the third Vectrino, and 
pressure was measured by an RBR Duet deployed at the same height as the second 
Vectrino, which sampled continuously at 16 Hz. In addition, a single downward-
looking 2 MHz Nortek Aquadopp (ADCP) was deployed 2 m south of the VTA at 
a height of z/hmax = 1.3 (Figure 3.3b). This instrument logged nearly continuous 
velocities and pressure at 8 Hz (burst lengths of 512 s with a 3-s separation between 
bursts) over a 0.22 m profile at a bin resolution of 0.025 m and was used to estimate 
the mean wave and current directions above the canopy near the instrument array. 
See Table 3.1 for a complete overview of the instrument deployment settings.  
Hydrodynamic measurements were conducted during the rising tides on March 7th, 
8th and 10th in the SW (HTA experiments) and on March 14th in the NE (VTA 
experiment). All self-contained instruments (ADCP, ADV, Duet) were set to record 
for the duration of the experiments. Vectrino data were collected from the time at 
which all of the instruments were submerged by the rising tide until just before high 
tide. In one instance (HTA2, March 8th), the ebb tide was also recorded. Owing to 
the variability in height of the individual canopy elements, some of the taller 
pneumatophores were exposed initially during HTA1 (Figure 3.2a) and became  
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fully submerged 40 minutes after the beginning of the experiment. The canopy was 
submerged during all other experiments, with water depth to canopy height ratios 
(h/hmax) ranging from 1.1 to 2.4. The root canopy at each site was surveyed using 
the Structure-From-Motion (SFM) photogrammetric method described in Liénard 
et al., (2016). The frontal area density of the canopy as a function of height above 
the bed was calculated as the number of stems per square meter of the bed times the 
mean stem diameter. The volume fraction occupied by the vegetation,  = nπd2/4, 
was estimated from the total enclosed pneumatophore area divided by the total area 
at height intervals of 5 mm from 5 cm above the bed to the top of the canopy. The 
spatial-mean canopy height 〈hc〉, where hc is the height of an individual 
pneumatophore, was estimated by averaging the number of pneumatophores 
reaching a given height interval across all height intervals. To examine causes of 
spatial variations in turbulent dissipation within the canopy, the vegetation directly 
upstream of the Vectrino arrays was also subsampled (cf. Figure 2.4, Chapter 2). A 
bounding box with a length of 20 centimeters was used to isolate the 
pneumatophores that were likely to be responsible for creating wakes (blue boxes, 
Figure 3.2b, d). From the pneumatophores selected within these boxes, vegetation 
geometries were computed at the measurement height for each experiment and are 
given in Table 3.2.  
 
Figure 3.3: Photographs of the experimental set-up showing the locations of 
collocated sensors to the HTA (panel a) and VTA (panel b). The unlabeled 
downward-looking ADV in panel (a) was not used here, and the quadrat was 
removed prior to the experiment. 
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3.2.2 Data Processing 
ADCP data were processed to remove low quality data corresponding to 
correlations below 70% and phase-wrapped velocities (e.g., Lohrmann et al., 1990). 
ADV and Vectrino velocities were similarly processed to remove data with low 
correlations and low signal-to-noise ratios, and then were despiked following the 
method of Goring & Nikora, (2002). Data gaps were filled using a linear or cubic 
interpolation for gaps of less or greater than 100 points, respectively. Finally, ADCP 
and ADV velocities were rotated into an east (E), north (N) and up (U) coordinate 
system, and Vectrino velocities were rotated to the direction of the mean current, 
where u is along-current, v is across-current, and w is vertical. 
Table 3.1: Summary of instrument deployment settings. The Nortek Vector and 
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Table 3.2: Vegetation statistics for each experimental site. Whole quadrat statistics are denoted by an asterisk (‘*’).  
The subsampled area statistics are given below.  
 






〈hc〉 (m) z/hmax 
(m) 
n (m-2) d (m) ΔS 
(m) 
a (m-1)  (-) 
HTA*   1.0 0.60 0.2 ± 0.18  66 0.02 ± 0.011 0.15 1.31 0.03 
HTA1 3/7/15 210 0.04 0.54 0.33 ± 0.17 0.04 11 0.02 ± 0.014 0.03 3.8 0.08 
HTA2 3/8/15 290    0.33 7 0.019 ± 0.002 0.04 1.74 0.02 
HTA3 3/10/15 114    0.85 2 0.002 ± 0.001 0.06 0.1 1.6 x 10-4 
VTA*   1.0 0.60 0.14 ± 0.13  84 0.02 ± 0.011 0.26 1.49 0.03 
VTA 3/14/15 210 0.04 0.37 0.23 ± 0.15 0.03 8 0.014 ± 0.007 0.04 3.1 0.04 
VTA 3/14/15 210    0.60 1 0.004 ± 0 0.13 0.09 2.8 x 10-3 
VTA 3/14/15 210    1.25 0 0 0 0 0 
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In cases when the Vectrinos were mounted close to the bed (the HTA1 experiment 
and the lowest instrument of the VTA experiment), all measurements below the 
depth with the strongest acoustic backscatter, defined as the bed level (e.g., Craig 
et al., 2011) were removed. Additionally, measurements within the Wave Bottom 
Boundary Layer (WBBL) were rejected prior to analysis. Fredsøe & Deigaard, 
(1992) estimated the WBBL thickness as  
𝛿𝑅  𝑘𝑁⁄ = (𝐴  𝑘𝑁⁄ )
0.82, (3.2) 
where A is the orbital excursion and kN is the Nikuradse roughness length, which 
was estimated here as the d50 of sediment (123 μm and 3.62 μm for the southwest 
and northeast sites, respectively) collected nearby the instrument arrays (Fricke et 
al., 2017). WBBL thickness estimates varied between 2 mm to 6 mm, with greater 
values corresponding to periods with larger wave heights. For the near-bottom 
Vectrinos, the top five profile bins (1 – 5) were always above the bed and the WBBL 
for the duration of the data record. In all other cases, analysis was conducted using 
the five middle profile bins (13 – 17), or the ‘sweet spot’ of the instrument, where 
the signal-to-noise ratio was maximum (Brand et al., 2016). Further analysis was 
conducted using 10-minute windows for all datasets (Vectrinos, ADCP, ADV, 
Duet), chosen to capture turbulent time scales while maintaining quasi-stationary 
statistics within each window (Soulsby, 1980).  
3.2.3 Turbulent Dissipation Rate 
The Turbulent Kinetic Energy (hereafter, TKE) dissipation rate was estimated from 
velocity data using the structure function method (Wiles et al., 2006). The structure 
function has been employed to study turbulence in the ocean (Mohrholz et al., 2008; 
Thomson, 2012), in estuaries (MacDonald & Mullarney, 2015; Mullarney & 
Henderson, 2012), in surf zones (Lanckriet & Puleo, 2013), and recently, in 
mangrove forests (Norris et al., 2017). The structure function uses differenced 
adjacent along-beam locations (“bins”) up to a number of lags (bin distances) within 
a velocity profile to estimate dissipation rates. This differencing technique is 
effective at filtering out large-scale variability, such as wave oscillations, that are 
not associated with inertial subrange turbulence. The structure function is an 
alternative to estimating dissipation rates from velocity spectra (e.g., McMillan and 
Hay, 2017). Both methods require the measurement of velocity fluctuations in the 
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inertial subrange, where the assumption of local isotropy holds. See Appendix B 
for a comparison of the structure function and spectral methods. For a profile of 
vertical velocities w, the second-order longitudinal structure function D is defined 
as, 
𝐷(𝑧, 𝑟) = [w(z) –  w(z + r)]2 (3.3) 
where z is the vertical position and r the separation distance between adjacent 
velocity measurements (Wiles et al., 2006). The overbar denotes a time average. 
From Kolmogorov’s inertial subrange theory, the structure function is expected to 
take the form, 
𝐷(𝑧, 𝑟) = 𝐶𝑣
2𝜀2/3𝑟2/3 (3.4) 
in the inertial subrange, where Cv2 = 2.0 is an empirical constant (Pope, 2000). To 
solve for , the TKE dissipation rate, the second-order structure function D(z,r) is 
fitted to the linear equation, 
𝐷(𝑧, 𝑟) = 2𝜎𝐵
2 + 𝐴𝑟2/3,  (3.5) 
where the least-squares slope, A, is related to the dissipation rate by A = Cv2 2/3, 
and 2B2 is an offset that represents the uncertainty in the velocity measurements 
due to Doppler noise. This offset is assumed independent of r (Wiles et al., 2006). 
TKE dissipation rates were calculated from 10-minute Vectrino velocity segments 
(n = 30000) using Equations (3.3 – 3.5) with a 50% overlap between segments. 
Velocities were linearly detrended, then D(z,r) velocity differences were computed 
at steps of 1 mm up to a maximum distance of rmax = 5 (mm) to produce a profile 
of TKE dissipation rates 30 mm in length (profile range minus rmax).  
3.2.4 Spectral Calculations 
To estimate wave statistics, power spectra of the ADV and ADCP pressure 
measurements were calculated using Welch’s method (MATLAB, Mathworks Inc.) 
over 10-minute windows. Each 10-minute window (n = 19200 and 4800, 
respectively) was linearly detrended and was split into smaller Hamming-
windowed segments (1280 and 320 measurements, respectively) with 50% overlap 
to yield spectra with 30 degrees of freedom. Power spectra were converted to sea 
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surface elevations using linear wave theory, and were transformed into significant 
wave heights, Hs, by integrating the surface pressure spectra over the range of 0.05 
– 1.2 Hz, with  
Hs = 4 S (𝑓)df 
0.5
, (3.6) 
where S(f) is the spectral density of the surface displacement and f is the frequency 
in Hz (Laing et al., 1998). The peak wave period Tp (= 1/fp) was estimated from 
each spectrum at the frequency band with the greatest energy, fp. Root-mean-
squared wave velocities were evaluated with Equation (A.2), and wave directions 
from directional spectra computed using PUV analysis (Gordon & Lohrmann, 
2002) using measurements collected by the ADV and ADCP collocated with the 
Vectrino arrays. Similarly, current speed and direction were estimated using a 
principal components analysis on the horizontal velocity components measured by 
each velocimeter.  
In order to calculate turbulence statistics such as Reynolds stresses, it is necessary 
to first remove the effect of surface waves (i.e., wave-turbulence decomposition). 
In previous studies, this decomposition has been achieved by differencing 
measurements from two vertically separated instruments (Feddersen & Williams, 
2007; Shaw & Trowbridge, 2001; Trowbridge, 1998). Unfortunately, this method 
is less reliable in the presence of directionally spread surface waves (e.g., Gerbi et 
al., 2008) or in measurements conducted near the bed (MacVean & Lacy, 2014). 
Hence, to separate waves and turbulence, we employed the spectral phase 
decomposition technique of Bricker & Monismith, (2007) that has been 
successfully applied in field studies within shallow (up to 3 m depth) estuarine 
locations (e.g., Hansen & Reidenbach, 2012; MacVean & Lacy, 2014). Spectral 
coherence was calculated from 10-minute windowed ADV or ADCP velocity and 
pressure measurements (n = 19200 or 4800, respectively) using Hamming-
windowed segments with 50% overlap corresponding to 30 equivalent degrees of 
freedom. The cut-off frequency fwc was then defined as the largest frequency where 
coherence was significant (>0.19, above the 95% confidence level) between vertical 
velocity and pressure signals (Figure 3.4a). This method yielded cutoff frequencies, 
marking the upper limit of the wave band, of 1.40, 1.35, 1.04 and 1.09 Hz for HTA1 
– 3 and the VTA experiments, respectively (Figure 3.4b). Spectral slopes (Section 
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3.3.4.2) were estimated by fitting a line to the log of the power spectrum versus log 
f over the frequency band defined by fwc < f < fhc Hz (Figure 3.4b). The upper high-
frequency cutoff fhc corresponded to the smallest eddies well resolved by the 
Vectrino’s finite sampling volume. Specifically, fhc was estimated as (0.25Uw)/sv 
where sv = 0.006 m is the width of the sampling volume of a Vectrino profiler. Here, 
Uw is the root-mean-squared velocity of the horizontal velocity components times 
√2. Given Uw ~0.1 – 0.2 ms-1 during the HTA1, HTA2 and VTA experiments (Table 
3.3), fhc was estimated as 8.3, 8.3 and 5 Hz, respectively. In addition to estimating 
spectral slopes, the cutoff frequencies were used in the estimation of Reynolds 
stresses (discussed below).  
3.2.5 Reynolds Stress Calculation 
To assess the bulk momentum transfer of water within the canopies, the along and 
across-current Reynolds stresses – u'w' and – v'w' were evaluated from the 
 
Figure 3.4: Example wave-turbulence decomposition for a 10-minute data time 
series from the ADV deployed above the HTA on March 7th, 2015. Coherence 
squared between the vertical velocity component and the pressure signal (black 
line), and the 95% confidence level at 30 D.O.F., 0.19 (dashed red line). Grey 
circles show the wave band, or frequency components that are significantly 
coherent.  (b) Power spectral density (PSD) of the vertical velocity component 
(Sww, solid black line). Grey circles denote frequencies in the wave band. The 
solid red line represents the linear fit between fwc and fhc used for extracting the 
slope of the turbulent band (Section 3.3.4.2). The dotted line is f -5/3, as indicated. 
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cospectrum of the horizontal and vertical velocity components from each Vectrino 
profile depth bin above the bed and the WBBL (Section 3.2.3). In both atmospheric 
and oceanic boundary layers, the shape of the stress-carrying cospectrum is 
appropriately described by a semi-empirical model (Kaimal et al., 1972) where the 
spatial structure of turbulence is inferred from the time series using a frozen 
turbulence approximation for advection by a steady mean flow (Taylor, 1938). This 















,  (3.8) 
k0 is the roll-off wavenumber, and β is a normalization factor to ensure the integral 
of Equation (3.7) is 1. The roll-off wavenumber describes the length scale λ0 of the 
dominant stress-carrying eddies by λ0 = 2π/k0 and is related to the frequency 
 
Figure 3.5: Grey curves are the variance-preserving cospectra (panel a) and 
integrated cospectra (ogive curves; panel b) of turbulent velocity components u’ 
and w’ from the HTA1 experiment at x = 20 cm, 0.018 m above the bed at 13:41 
local time. The grey regions in (a) show the measurements with 95% confidence 
intervals for the cospectral estimates. Black curves in (a) and (b) show the model 
cospectra, the Kaimal curve, and thin vertical black lines show the cutoff 
wavenumber, kc and the roll-off wavenumber, k0 The high-frequency end of the 
cospectra are blown up in the inset of panel (a) to aid comparison of the model 
and observations. Although raw cospectra were used in the model fit, spectra 
shown in the inset of panel (a) have been smoothed with a 10-point running mean 
to reduce noise for display. To compute the ogive curves, the cospectra were 
integrated from the Nyquist wavenumber nk to 0 to exclude wave frequencies. 
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spectrum by k0 = ω/Ud with Ud the mean drift velocity. The model cospectrum 
described in Equation (3.7) rolls off with k -7/3 at wavenumbers above k0. k0 also 
defines the peak of the variance-preserving model cospectrum (cf. Figure 4, 








 .   (3.9) 
In the coastal ocean, surface wave oscillations can extend over most, if not all of 
the water column (Feddersen & Williams, 2007; Jones & Monismith, 2008), and 
are often orders of magnitude larger than the oscillations of turbulent eddies 
(Kirincich et al., 2010). Therefore, filtering is necessary to prevent wave 
contamination of the estimated turbulent stresses. However, even if wave velocities 
were perfectly filtered from point measurements of velocity, advection of the 
turbulence by wave orbital velocities distorts the frequency cospectrum computed 
from the filtered velocities (Lumley & Terray, 1983; Trowbridge et al., 2018). 
Secondly, imprecise knowledge of the sensor orientation or the presence of sloping 
bottoms can create large uncertainties in stress estimates (Grant & Madsen, 1986). 
To address the first concern, we limited Reynolds stress estimation to cases 
dominated by mean currents. Specifically, we excluded cases where the wave 
orbital velocity exceeded half the mean flow speed, i.e., σw/Ud < 2 (Gerbi et al., 
2008). The second concern was addressed using the fact that the near-bed mean 
velocity flows were nearly parallel to the bed. Therefore, velocity measurements 
from the near bed instruments (HTA1 and the lowermost instrument of the VTA) 
were additionally rotated so that the mean flow direction was treated as horizontal. 
Such rotations were small, typically < 4° from horizontal. Brand & Noss, (2017) 
suggested that rotating the horizontal velocities to the mean current direction 
reduces bias induced by small but unavoidable misalignments in instrument 
orientation during deployment.  
To estimate wave-filtered stresses and roll-off wavenumbers, the cut-off 
frequencies (Section 3.2.4) were converted to cut-off wavenumbers kc, via Taylor’s 
approximation. Similarly, the observed frequency cospectrum of u (or v) and w, 
Couw (ω), was converted to a wavenumber cospectrum Couw (k) to match the model 
cospectrum (Equation 3.7). Then, the cumulative integrals- the ogive curves- of the 
observed and model cospectra were fit from the Nyquist wavenumber nk, to the 
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cutoff wavenumber kc (Figure 3.5b) using a simple least-squares regression to 
estimate high-frequency wave-free stresses. 
Screening criteria were then applied to ensure quality model fits to the data. Fits 
where k0 was outside the observed wavenumber range (e.g., Kirincich et al., 2010), 
and fits where the correlation between the model and observations were less than 
70% (e.g., Davis & Monismith, 2011) were rejected. Applying both the wave-drift 
criterion σw/Ud < 2 and these other quality control measures reduced the number of 
useable bursts from the HTA1 – 3 and the VTA experiments to 72%, 86%, 61% 
and 85%, for each experiment averaged over the three instruments, respectively. 
The uncertainty in the Reynolds stress estimates was assessed by recalculating 
stresses after applying an additional ±1.5° rotation to the pitch then roll axis of the 
velocities. Uncertainties at the 95% confidence level were estimated as 
1.95 (σn/n), where σn is the standard deviation and n is the number of samples for 
each dataset. The maximum uncertainty based on a small pitch or roll adjustment 
was no greater than 44% of the total estimated stresses for any of the experiments. 
These quality control measures suggest that the estimates of –u'w'  and –v'w'  are 
accurate measures of the above-wave band part of the cospectra. 
3.3 Results 
3.3.1 Vegetation Geometry 
The two surveyed canopies had a maximum height of 0.6 m, with 66 – 84 stems/m2 
(Table 3.2). Corresponding values of a and ϕ ranged from 0 – 1.51 m-1 and from 0 
– 0.028, respectively. Although the number of stems and mean stem diameters 
varied between surveyed sites, both a(z) and ϕ(z) were comparable between sites 
(Figure 3.6). In the subsampled regions, the HTA canopy was both taller and denser 
on average than the VTA canopy, with a and ϕ reaching 3.8 and 0.08 near the bed, 
respectively. Although the root density of the VTA canopy was comparable to the 
HTA canopy near the bed (a = 3.8), it had fewer tall canopy elements and so had a 
lower spatial-mean canopy height 〈hc〉  = 0.23 ± 0.12 m compared to 0.33 ± 0.17 m 
for the HTA canopy. In both cases, stem density decreased with elevation for the 1 
m2 quadrats and the subsampled regions (Figure 3.6c – d). Hence, the lowest 
measurement positions were situated within the densest region of the canopies, 
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while the middle and upper positions were at moderate and sparsest densities, 
respectively.  
3.3.2 Offshore Conditions 
Hydrodynamic forcing conditions are shown in Figure 3.7b – g. High-tide water 
depths were 1.3 m in the southwest, with wave periods ranging from 1.8 s to 4.3 s 
and significant wave heights up to 0.6 m during the HTA3 experiment. High tide 
water depths were greater in the northeast reaching 1.8 m. Peak wave periods 
between 2.6 and 3.1 s and significant wave heights of 0.35 m indicate lower wave 
energy was present during the VTA experiment than during the other experiments. 
Figure 3.8 depicts the mean wave and current speed and directions measured above 
the turbulence array canopies. In the SW, wave and current directions were 
generally oriented towards the northwest (the onshore direction) during the flood 
tide, although mean currents had a greater along-shore component than did the 
waves. In the NE, the mean wave direction was also generally onshore, while mean 
currents were oriented in the along-shore direction. Previous studies have 
discovered that flood tides combined with along-shore oriented winds generate 
strong along-shore currents (reaching up to 0.3 m s-1) that flow obliquely to the 
coastline of Cù Lao Dung (Mullarney et al., 2017a). Although current velocities are 
rapidly reduced over ~100 m of mangrove forest, the fringe environment is subject 
 
Figure 3.6: Vertical profiles of vegetation statistics. (a) Number of stems per 
square meter, n; (b), the mean stem diameter, d; (c) the frontal area of the 
canopy, a; and (d), the volume fraction occupied by the vegetation, ϕ. The red 
line is the total canopy (1 m2) measured at the HTA site; blue line, the total 
canopy (1 m2) measured at the VTA site. The yellow and purple lines are the 
subsampled regions of the two canopies (Figure 3.2). Horizontal lines denote 
the maximum (solid line) and mean canopy heights for the HTA and VTA, 
dashed and dotted lines, respectively. 
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to the currents generated along the unvegetated mudflat. In the present study, this 
component dominated the mean current direction in both experimental sites. 
3.3.3 Canopy Turbulence 
Time series of normalized turbulent kinetic energy dissipation rates are shown in 
Figure 3.9 for each instrument position for the HTA experiments (Figures 3.9a – c) 
and the VTA experiment (Figures 3.9d – f). Large normalized dissipation rates up 
to 2.3 x 10-2 m-1 (6.5 x 10-4 W kg-1) were observed at the base of the canopies, with 
the greatest values occurring at the x = 20 cm measurement location of the HTA1 
experiment (z/hmax = 0.04, Figure 3.8c). At the array position close to the mean 
canopy height (z/hmax = 0.33, Figure 3.8b), maximum normalized dissipation rates 
of 4.6 x 10-3 m-1 (3.8 x 10-4 W kg-1) were found closer to the pneumatophores at the 
x = 10 cm position during the HTA2 experiment. Note that larger dissipation rates 
 
Figure 3.7: Environmental conditions measured during the experiments. Panel 
(a), two-hour averaged wind speeds (dashed grey line) and directions (solid black 
line) during the two experiments. Grey bars designate the length of each of the 
horizontal turbulence array (HTA) experiments and the vertical turbulence array 
(VTA) experiment. Panels (b – g), hydrodynamic forcing conditions: water depth 
(panels b, c), peak period (panels d, e) and significant wave height (panels f, g) 
recorded by the ADV and pressure sensor collocated with the turbulence arrays.   
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occurred nearing high tide during the HTA1 experiment (~200 minutes after low 
tide, Figure 3.8a), and near mid tide during the HTA2 experiment (~50 minutes 
after low tide, Figure 3.8b). During the HTA2 experiment, turbulence decreased 
with the ebb tide (blue to dark blue lines). Near the top of the canopy where 
vegetation was relatively sparse (HTA3 experiment, Figure 3.8a), normalized 
turbulence was of a similar magnitude to the lowest array position around mid-tide, 
2.1 x 10-2 m-1 (1.4 x 10-4 W kg-1), and decreased with increasing water depth. For 
the VTA experiment, large normalized dissipation rates of 4.9 x 10-2 m-1 (1.8 x 10-
4 W kg-1) were observed near the bed (Figure 3.9f). Turbulence was less intense 
within the canopy at the middle array position (Figure 3.9e) and then increased at 
the array position above the canopy (Figure 3.9d). In the next section, the wake 
structure of the two canopies is quantified and connected to the positions at which 
the largest dissipation rates were measured.  
 
Figure 3.8: 10-minute averages of wave (a, b) and current (c, d) magnitude and 
directions measured above the canopies at each experimental site. The magnitudes 
depicted for Uw are mean orbital velocities. Color corresponds to the tidal stage, 
with lighter blues the flood tide and darker blues the ebb tide. The compass in the 
lower right-hand corner of panels (a, b) shows the orientation of the across-shore 
(X) and along-shore (A) directions relative to north (N).   
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3.3.4 Turbulence Characteristics 
3.3.4.1 Wake Shedding 
To visualize canopy wake shedding, power spectral densities of the velocities in the 
mean current direction were computed for each Vectrino over 10-minute bursts (n 
= 30000) using Welch’s method. Individual bursts were Hamming-windowed with 
50% overlap to yield spectra with 30 equivalent degrees of freedom. Power spectra 
from the array positions corresponding to the locations of high turbulence: x = 20 
cm, x = 10 cm and z/hmax = 0.03 (Figure 3.9c, 3.9b and 3.9f, respectively) are shown 
in Figures 3.10a – c. These spectra are truncated at 10 Hz to focus on the details 
within the turbulent band. A large peak between 0.1 – 1 Hz corresponding to the 
wave band is present in all spectra. Assuming frozen turbulence, a frequency f may 
be converted to a wavelength (eddy length scale) roughly by l = Uw/2f. Oscillations 
at the cutoff frequency between the wave and turbulence bands (1 – 1.4 Hz) are 
Figure 3.9: Time series of the TKE dissipation rate normalized by |U 3|, (𝜀̂), for 
the three positions of the HTA (panels a – c) and VTA (panels d – f). VTA 
dissipation rates were computed and averaged over 10-minute segments for each 
instrument. For the HTA, each segment is plotted against the across-shore 
position of the array. For the VTA, every third point in the profile is plotted as a 
marker w.r.t. the normalized height above bed, z/hmax. Colors correspond to time 
elapsed after low tide and are consistent between subplots. 
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therefore O(0.01 – 0.1) m, given a the range of in-canopy rms wave velocities of  
Uw = 0.2 – 0.7 ms-1 (Table 3.3). The frequencies associated with smaller peaks are 
highlighted with arrows and correspond to eddy scales that are of O(0.01) m. As 
explained below, these peaks correspond to wake shedding frequencies of Von 
Kármán vortices generated in the direction of the mean current. In the case of 
HTA1, the average stem diameter of the 11 upstream objects was d = 0.022 m, 
giving a stem Reynolds number between ~3700 – 5000, and an average Strouhal 
number St = fd d/Uw of 0.23 for frequencies fd located at 2.1 and 2.6 Hz (Figure 
3.10a; Table 3.3). Higher in the canopy, during HTA2 at x = 10 cm, three shedding 
peaks were observed in the power spectrum between fd = 2.0 – 2.6 Hz (Figure 
3.10b). Stem Reynolds numbers were O(103), and associated Strouhal numbers 
ranged between 0.11 – 0.23. For the bottom instrument of the VTA (Figure 3.10c), 
the shedding peak was located at fd = 2.1 Hz corresponds to an average Strouhal 
number of 0.23, suggesting wake shedding was also measured at this position near 
the bed. Vortex shedding frequency peaks in power spectra have previously been 
observed both in Large Eddy Simulations (LES) of turbulence, and in flume 
experiments behind patches of simulated vegetation, within arrays of similar stem 
density as the experiments in the present study (ϕ = 0.06, Stoesser et al., (2010); ϕ 
= 0.03, Zong & Nepf, (2012); ϕ = 0.02 – 0.08, present study). The presence of 
multiple peaks in the power spectrum may indicate interference between the wakes 
of upstream roots, as is expected in cases with small the average spacing between 
roots (i.e. when S < 5d, Table 3.2; see also Tanino & Nepf, (2008b) and references 
therein). Given that the mean stem diameter d was less than the mean stem spacing 
S in all cases, the length scale of turbulence generated within the stem wakes, l 
was expected to be of the order of d (Nepf, 2012a). Indeed, for all three array 
positions, l ~ d (Table 3.2).  
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For comparison, power spectra from the other Vectrinos used in the HTA and VTA 
experiments (i.e., the array positions other than those where high turbulence was 
measured) are shown in Figures 3.10d – f. Here, black and grey lines differentiate 
between instruments. As in Figures 3.10a – c), waves are represented by the peak 
between 0.1 – 1 Hz. Unlike Figures 3.10a – c, no higher-frequency peaks were 
observed. Additionally, these spectra highlight the differences between the seaward 
and landward array positions of the HTA, and in- and above-canopy positions of 
the VTA. In Figure 3.10e, the spectrum from the x = 20 cm position (black line) is 
similar in power in the wave band as the x = -10 cm position (grey line) but deviates 
around 1 Hz. A flatter spectral slope between 1 – 5 Hz possibly indicates energy 
input by stem wakes at these scales (i.e., wakes observed as shedding frequencies 
in Figure 3.10b at x = 10 cm). In the VTA, the spectral power from the instrument 
at z/hmax = 1.25 (Figure 9f, black line) is larger across all frequencies, compared to 
 
Figure 3.10: Power spectral densities of along-current velocity (Suu, black line) 
averaged over a 1.5-hour period during the experiments. 95% confidence 
intervals shown at 10x actual size. The solid black line indicates a -5/3 slope. 
Panels (a – c) show velocity spectra from the array positions where high 
turbulence was observed in Figure 3.9: HTA1, x = 20 cm, HTA2 x = 10 cm, and 
the VTA, z/hmax = 0.04. Arrows highlight shedding frequency peaks of interest. 
Panels (d – f) show velocity spectra from the other array positions in these 
experiments; note the absence of peaks in frequency bands between 1 – 4 Hz. 
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the array position within the canopy (grey line). Since wave energy is attenuated 
near the bed, much of this attenuation, particularly at wave frequencies above about 
0.3 Hz, is predicted by linear wave theory (cf. Figure 9, Henderson et al., 2017). At 
higher (turbulent) frequencies > 5 Hz, spectra show a slope near -5/3, as expected 
for turbulent spectra in the inertial subrange. Although not shown in Figure 3.10d 
– f, spectral slopes above 3 – 4 Hz are approximately -5/3 until they flatten out to 
the noise floor around 20 Hz before reaching the Nyquist frequency.  
3.3.4.2 Spectral Slopes and Anisotropy 
From theory, the strain rate of large eddies is comparable to the strain rate of the 
mean flow velocity of unidirectional currents (Tennekes & Lumley, 1972). 
Analyzing the slope of the velocity power spectrum above the wave band will give 
some indication of the directionality of the strain rate, and hence, the direction of 
deformation of turbulence at these scales. As turbulence is three-dimensional, larger 
mean flow in one of the velocity components may drive anisotropy (deviance from 
a -5/3 slope) in that component direction. At frequencies much greater than the scale 
of large eddies, an inertial subrange is often observed, with all velocity components 
having roughly equal variance, and power spectral density scaling with f-5/3. 
However, wake generation could cause departures from inertial subrange
 
Figure 3.11: Time series of slopes of fits to auto-spectra of along-current (Suu, 
solid lines), across-current (Svv, dashed lines) and vertical (Sww, dotted lines) from 
the array positions where high turbulence was observed in Figure 3.9. Slopes 
were calculated by a linear fit over the frequency range fwc < f < fhc Hz over 10-
minute windows with >30 degrees of freedom. The thin horizontal black line 
indicates a -5/3 slope. 




Table 3.3: Flow properties measured within the HTA and VTA. Highlighted peak frequencies from the power spectra (Figure 3.10) are listed as fd.  




(Min) Mean (Max) 
Uw (m/s) 
(Min) Mean (Max) Uc 
(m/s) 
d (m) fd (Hz) (Min) Mean 
(Max) St 
(Min) Mean (Max) Re (Min) Mean 
 (Max) l (m) 
HTA1 x = -10 cm (0.17), 0.20, (0.23) (0.01), 0.03, (0.04) 0.022 - - (3740), 4400, (5060) - 
HTA1 x = 10 cm (0.18), 0.21, (0.23) (2 x 10-4), 0.02, (0.04) 0.022 - - (3960), 4620, (5060) - 
HTA1 x = 20 cm (0.17), 0.24, (0.28) (7 x 10-5), 0.01, (0.03) 0.022 2.3 - 2.5 
(0.18), 0.21, 
(0.32) 
(3740), 5280, (6160) (0.011), 0.015, (0.020) 
HTA2 x = -10 cm (0.18), 0.24, (0.30) (4 x 10-5), 0.01, (0.06) 0.016 - - (2880), 3840, (4800) - 
HTA2 x = 10 cm (0.18), 0.24, (0.29) (9 x 10-4), 0.01, (0.04) 0.016 2.03 - 2.4 
(0.15), 0.21, 
(0.29) 
(2880), 3840, (4640) (0.012), 0.017, (0.23) 
HTA2 x = 20 cm (0.19), 0.26, (0.31) 
(2 x 10-4), 8 x 10-3, 
(0.03) 
0.016 - - (3040), 4160, (4960) - 
HTA3 x = -10 cm (0.30), 0.43, (0. 65) (1 x 10-3), 0.05, (0.12) 0.002 - - (600), 860, (1300) - 
HTA3 x = 10 cm (0.29), 0.43, (0.73) (2 x 10-3), 0.04, (0.11) 0.002 - - (580), 860, (1460) - 
HTA3 x = 20 cm (0.28), 0.43, (0.66) (2 x 10-3), 0.04, (0.18) 0.002 - - (560), 860, (1320) - 
VTA z/hmax = 0.03 (0.08), 0.10, (0.11) 





(1004), 1222, (1390) (0.006), 0.008, (0.010) 
VTA z/hmax = 0.6 (0.05), 0.10, (0.12) 




- (177), 394, (446) - 
VTA z/hmax = 1.25 (0.10), 0.12, (0.13) (8 x 10-3), 0.02, (0.07) 0 - - (0), 0, (0) - 
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predictions even at the relatively small scales comparable to the stem diameter. To 
visualize eddy deformation in the canopy wake, the slopes of power spectra above 
the wave band (i.e., between fwc < f < fhc; Section 3.2.4) were computed for the flood 
tides at the same HTA and VTA positions where high turbulence was measured 
(e.g., Figure 3.9). Time series of spectral slopes derived from the three velocity 
components (u, v, w) are shown in Figure 3.11 for the locations with measured high 
turbulence. Near the bed during HTA1 and VTA experiments, spectral slopes of the 
horizontal velocity components ranged from -1 to -1.45, and slopes of the vertical 
velocities ranged from -1.6 (-5/3) to -2. During HTA2, the slopes of the horizontal 
velocity components were nearly -5/3 for the duration of the experiment, while 
slopes of vertical velocities were considerably steeper (i.e., more negative).  
Large-scale anisotropy can be characterized by the ratio of the vertical to horizontal 
root mean squared velocity components assessed over the full spectrum, wrms/urms 
(Godeferd & Staquet, 2003), where values smaller than 1 indicate the dominance 
of horizontal motion. During the near-bottom HTA1 and VTA experiments, the 
ratio of the horizontal velocity components urms/vrms was often >1 (Figure 3.12a, 
3.12c). In contrast, the vertical to horizontal ratio wrms/urms was usually < 1, as 
vertical velocities are strongly limited by the presence of the bed in these near-
bottom cases. During the HTA2 experiment, wrms/urms was > 1, and was also often 
greater than urms/vrms, indicating the presence of strong vertical velocities (Figure 
3.12b; discussed in greater detail in Section 3.4, below). In contrast, the ratio of the 
vertical to horizontal rms velocity components assessed over the inertial subrange 
 
Figure 3.12: Time series of velocity ratios, urms/vrms (light grey) and wrms/urms (dark 
grey) for the array positions were high turbulence was observed in Figure 3.9. 
Dotted and solid black lines are 10-point moving averages of the two ratios, 
respectively. The solid horizontal line corresponds to ratios of one. 
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(i.e., between fwc < f < fhc) was always < 1 in all cases, and the ratio of the horizontal 
rms velocity components was always > 1 in all cases. Former studies of turbulence 
in the wake of porous patches suggest the ratio of horizontal rms velocities is 
strongly dependent on the measurement position, with increasing vrms velocities 
further from the patch in the patch wake (Zong and Nepf, 2012). Hence, the 
relatively flat spectral slopes during HTA1 and the VTA experiment (Figure 3.12a, 




Figure 3.13: Time-averaged profiles of along-current and vertical velocities for 
the HTA experiments (a – c) and the VTA experiment (d – f). Note that the HTA 
experiments were not synoptic, and therefore panels a – c show mean velocities 
under different environmental conditions. 
 




Figure 3.14: Time-averaged profiles of turbulence statistics for the HTA 
experiments: the vertical Reynolds stress −u'w', (panels a – c), and the eddy 
viscosity νt, (panels d – f). In panels (b, e), the dashed horizontal line denotes 
the mean canopy height 〈hc〉. Note that the HTA experiments were not 
synoptic, and therefore each row of the figure shows turbulence statistics 
under different environmental conditions. 
 








Figure 3.15: Time-averaged profiles of turbulence statistics for the VTA 
experiment: the vertical Reynolds stress −u'w', (panels a – c) and the time-
averaged eddy viscosity νt, (panels d – f). 
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3.3.5 Canopy-Scale Currents 
Time-averaged profiles of the u and w velocities are shown in Figure 3.13 for all 
experiments. From the synoptic VTA experiment, near-bed velocities were 
generally smaller in magnitude than those recorded above the pneumatophore 
canopy (compare Figures 3.13d – f). A zone of weak positive mean along-current 
velocities was observed in the location downstream of the dense region of the VTA 
canopy near the bed (Figure 3.13f). Similarly, during the HTA1 experiment, mean 
along current velocities were positive at the x = 20 cm and at the x = -10 cm array 
positions near the bed (Figure 3.13c). Around the mean canopy height during the 
HTA2 experiment (recalling 〈hc〉 = 0.33), strong flow was observed at the x = 10 
cm array position, with weakening flow at the x = 20 cm and x = -10 cm positions 
(Figure 3.13b). Vertical velocities recorded at all three of these positions were 
negative. Just below the top of the HTA canopy (Figure 3.13a), horizontal velocities 
were strongly positive, and net vertical velocities were weakly negative at all three 
instrument positions. 
Figures 3.14 and 3.15 depict time-averaged profiles of turbulence statistics for the 
HTA and VTA experiments, respectively. The first column of these figures shows 
depth profiles of the time-averaged Reynolds stress. Reynolds stresses were noisy 
and hence mean values are shown. Enhanced, positive Reynolds stresses were 
observed at the same positions of enhanced turbulence and wake shedding (Figures 
3.14c, 3.14b, 3.15c), with the greatest stress (up to 5.3 x 10-3 m2 s-2) observed near 
the mean canopy height of the HTA2 experiment (Figure 3.13b). Reynolds stresses, 
in general, were diminished in the upper canopy array positions (Figures 3.14a and 
3.15b), relative to the lower canopy array positions, but were enhanced in the area 
above the VTA canopy (Figure 14a). The second column of Figures 3.14 and 3.15 
shows the eddy viscosity, νt = − u'w' · (∂u ∂z⁄ )
-1 (Trowbridge & Madsen, 1984), 
which is a measure of the effectiveness of vertical turbulent mixing of momentum, 
and is a fundamental parameter used in modeling the mean flow. Furthermore, the 
turbulent diffusivity, which can be used to model sediment suspension and mixing 
of ecologically significant chemicals, is expected to be comparable to the eddy 
viscosity (Lees, 1981). During the experiments, a few negative eddy viscosities 
were observed. Although localized regions of negative eddy viscosity are possible 
in spatially varying flows, these negative values likely result from the difficulty 
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obtaining accurate mean Reynolds stress estimates in statistically variable turbulent 
flows. Nevertheless, most eddy viscosities were positive, and in the range 0 – 1.9 x 
10-3 m2 s-1. For comparison, adopting a standard mixing-length model (Lowe et al., 
2005; Weitzman et al., 2015) and using the scaling in Appendix A.1 of Henderson 
et al., (2017) suggests a theoretical eddy viscosity of 𝛬Cf u0ℓ, where ℓ is a mixing 
length, u0 is a typical velocity magnitude (here taken to be the rms velocity), Cf = 
0.1,  = (4)-1au0Tw, and Tw is a typical wave period. The mixing length is expected 
to be somewhat less than the canopy height and the elevation above the bed. Taking 
typical values  = 0.1 (Henderson et al., 2017), u0 = 0.2 m s-1, and ℓ =0.1 m gives 
a predicted eddy viscosity of 2 x 10-4 m2 s-1, consistent with direct observations. 
Therefore, the observed eddy viscosity is consistent with theoretical expectations, 
if the effects of the canopy on near-bed turbulence are accounted for.  
The bed shear stress is often parameterized using a near-bottom drag coefficient 
Cb =  u*
2 Ud
 2⁄ . Such drag coefficients are often used to model bottom drag, and play 
a key role in many sediment transport formulations, for both unvegetated (e.g., 
Nielsen, 1992) and vegetated (Etminan et al., 2018; Yang and Nepf, 2018) cases. 
We do not measure shear stress at the elevation of the bed, but the shear stress at 
the elevation of a near-bed instrument is expected to have a similar magnitude. 
Therefore, the shear stress measured at the height of a near-bed instrument (denoted 
u’w’  + v’w’ 
2
) is quantified using a near-bed drag coefficient of the form 
𝐶𝑏= − u'w' 
2 + v'w' 2 Ud
 2,  (3.10) 
where the overbar represents a ten-minute-average. To summarize results, we 
vertically-average Reynolds stress and velocities along each individual Vectino 
profile before evaluating (3.10).  Due to rotating the horizontal components of 
velocity to the mean current direction, −u'w'  was consistently 1 to 2 orders of 
magnitude larger than −v'w' making the term v'w' 
2
 negligible in Equation (3.10). 
For all Vectrino observations, evaluating Ud
 2 at the instrument elevation yields Cb 
between 4.5 x 10-2 and 4.8 x 10-1, with a mean value of 2.6 x 10-1 and standard 
deviation 1.5 x 10-1. These within-canopy estimates are one-to-two orders of 
magnitude higher than the values 1 – 3 x 10-3 typically observed for bottom drag 
coefficients in the absence of vegetation (e.g., Feddersen et al., 2000; Geyer et al., 
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2000). In many applications, near-bed stresses are parameterized in terms of 
overlying flow. Therefore, we re-evaluated the drag coefficient using shear stresses 
measured at near-bed instruments and Ud
 2 evaluated above the canopy. Resulting 
drag coefficients remained very high (between 8.3 x 10-3 and 2.9 x 10-1, with a mean 
of 6.7 x 10-2 and standard deviation 7.8 x 10-2). Although bed stresses will differ 
from the near-bed stresses measured here, these elevated drag coefficients highlight 
the important role played by pneumatophores in greatly increasing the near-bed 
stress for a given overlying velocity. Generally, the near-bed wake-shedding 
regions of the canopies were associated with moderately large normalized friction 
velocities of O(10-1) (Figure 3.16). Large values were also observed in the canopy 
regions where moderate to high stresses were observed, at x = 10 cm during the 
HTA2 experiment (e.g., Figure 3.14b) and above the VTA canopy at z/hmax = 1.25 
(e.g., Figure 3.15a). 
3.4 Discussion 
The results presented in Section 3.3 suggest a complex pattern of flow, turbulence 
and coherent structures formed in the wake of the vertically heterogeneous canopies 
of pneumatophores. In both experimental sites, positive near-bed mean flows 
(Figures 3.13c, 3.13f) were associated with Von Kármán wake shedding (Figures 
3.10a, 3.10c) that produced high turbulent energy dissipation (Figure 3.9c, 3.9f) 
behind canopy elements. The explanation for the weak reversal in the near-bed 
mean along-current velocity profile (Figure 3.13f) is unclear, although secondary 
circulation associated with pneumatophore patchiness (e.g., Sumer & Fredsøe, 
1997) may have played a role. Wake shedding was also observed close to the 
canopy elements around the mean canopy height during the HTA2 experiment 
(Figure 3.10b). The alternation of positive and negative stresses (Figure 3.14b), 
large wrms/urms ratios (Figure 3.12b), and high turbulent energy dissipation (Figure 
3.9b) suggest a vertical recirculation zone formed in the canopy wake, similar to 
those observed in studies of atmospheric flows behind tree canopies (Detto et al., 
2008) or in shallowly submerged coral reef environments (Hench and Rosman, 
2013). Turbulence was lower in the middle position of the VTA relative to the HTA 
likely because the instruments were deployed adjacent to a sparser cluster of 
pneumatophores (Figure 3.6c) and hence there were fewer nearby upstream objects 
to generate wakes or other coherent turbulent structures. Throughout the VTA 
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experiment, normalized submergence depths h/hmax varied between 1.6 and 2.4. 
Enhanced turbulent dissipation (Figure 3.9d) and eddy viscosity (Figure 3.15d) in 
the region above the VTA canopy indicates that the upper array position (z/hmax = 
1.25) was located within the canopy shear layer, or “vertical exchange zone” of 
elevated turbulence, as reported in Nepf & Vivoni, (2000). Although dissipation 
was also high in the upper part of the canopy during the HTA3 experiment (Figure 
3.9a), measurements between experiments were not synoptic, and so we cannot 
confirm that high turbulence was created by the formation of a canopy shear layer. 
During the HTA3 experiment, normalized submergence depths h/hmax varied 
between 1.1 and 2.3, and so high turbulence early in the experiment could have 
been caused by wave breaking while the canopy was shallowly submerged.  
 
In the synoptic vertical experiment (VTA), Reynolds stresses decreased from the 
maximum value above the canopy to much lower stress at the measurement position 
just above the bed (Figures 3.15a – c). Similar patterns have been observed 
previously in seagrass canopies (Hansen and Reidenbach, 2012; Lacy and Wyllie-
Figure 3.16: The depth and time-averaged squared friction velocity (u*
2) scaled 
by the squared mean drift velocity 〈Ud
 2〉 for all experiments. Points shown are the 
mean value, with error bars of one standard deviation. Horizontal solid, dotted 
and dashed lines are the maximum and mean canopy heights of the HTA and VTA 
canopies, respectively. 
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Echeverria, 2011) and in both rigid and flexible model canopies (Luhar et al., 2010; 
Pujol et al., 2013). Despite the observed dependence of stress on elevation, even 
near-bed stresses remained well above zero, and some high stresses were observed 
during both experiments (Figure 3.14, 3.15). Although this discussion has focused 
on the mean stress, additional fluctuating stress and turbulent dissipation is 
expected owing to the presence of waves, and it has been shown that these same 
pneumatophore canopies provided little shelter from wave-frequency motions 
(Henderson et al. 2017), consistent with low observed  values (Section 3.1). 
Indeed, near bed stresses were significantly enhanced by the wave climate, as 
indicated by large values of the normalized friction velocity (a parameterization of 
near-bed stresses; Figure 3.16), and the drag coefficient relating near-bed stress to 
above-canopy velocity (Section 3.3.5). Hence, it is likely that these dense canopies, 
given the wave climate, could locally inhibit the deposition of fine sediment, which 
contradicts the expectation that dense vegetation promotes sediment retention. 
 
The present study provides a unique dataset of the fine-scale flow features present 
in mangrove pneumatophore canopies. While the flow structure in and above 
canopies has been described for uniform-height vegetation analogues forced both 
by unidirectional currents (Ghisalberti & Nepf, 2006; Nepf, 1999; Nepf & Vivoni, 
2000), and waves (Lowe et al., 2005; Pujol et al., 2013), flume studies employing 
variable-height canopies (Liu et al., 2010) that approximate the fine-scale flow 
dynamics around mangrove roots (Horstman et al., 2018)  are less common. 
Furthermore, many experiments describing turbulent statistics in aquatic vegetation 
(e.g., turbulent dissipation, Reynolds stress, and eddy viscosity) have often been 
conducted in the flume (Dunn, 1996; Siniscalchi et al., 2012; and former references) 
or by using simplified numerical models (Bouma et al., 2007; Cui & Neary, 2008; 
Furukawa et al., 1997; Li & Yan, 2007; López et al., 2001; Mazda et al., 2005), 
which are both typically forced by unidirectional currents. Most analogous field 
studies were conducted in seagrass or cordgrass environments (e.g., Lacy & Wyllie-
Echeverria, 2011; Leonard & Croft, 2006; Luhar et al., 2013; Neumeier, 2007), 
while those focusing specifically on mangrove roots are rare (with few exceptions, 
e.g., Furukawa & Wolanski, 1996; and recently Henderson et al., 2017; and Norris 
et al., 2017). Moreover, the spatially variable eddy viscosity has not been described 
within mangrove roots in situ before, despite often being a fundamental parameter 
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of numerical simulations of vegetated dynamics (Deltares, 2014; King et al., 2012; 
López et al., 2001).  
Measured eddy viscosities ranged from O(10-5 – 10-3) m2 s-1, with the maximum 
values reaching 1.9 x 10-3 m2 s-1. These eddy viscosities were consistent with simple 
models (Lowe et al., 2005; Weitzman et al., 2015, Henderson et al. 2017), and were 
also comparable to eddy viscosities of O(10-5) to O(10-4) m2 s-1 measured in situ 
within seagrass (Zostera marina) by Ackerman & Okubo (1993). In numerical 
models, vegetation effects are simulated through user-prescribed background eddy 
viscosities that differ between vegetated and non-vegetated areas. In two or three-
dimensional models, horizontal (and vertical) time-dependent eddy viscosities are 
then resolved through a turbulence closure scheme (Deltares, 2014). Based on the 
results of the present study, the background eddy viscosities from a number of 
modeling experiments (Bouma et al., 2007; Bryan et al., 2017; Horstman et al., 
2015; Temmerman et al., 2005) were within the expected range for natural 
vegetation (their values ranged from O(10-4 – 10-3) m2 s-1 within vegetated areas).  
3.5 Summary and Conclusions 
Natural canopies of mangrove roots are spatially heterogeneous, with substantial 
variability in both height and diameter (Liénard et al., 2016). The presence of 
vegetation modifies the flow field by producing coherent structures that generate 
turbulence and induce mixing. When flows are influenced by waves, these effects 
are amplified by wave-driven currents, particularly in the dense region of the root 
canopies close to the bed (Section 3.3.5, Figure 3.16). Such patterns were observed 
in the present study: intense turbulence (up to 6.5 x 10-4 W kg-1) was found in the 
lower canopy regions and in the near-wake of canopy elements. Weaker turbulence 
was also associated with the decrease in canopy density with height within the 
vegetated region of the water column. Estimates of the eddy viscosity reached 1.9 
x 10-3 m2 s-1, while values between O(10-4 – 10-3 m2 s-1) were also common. These 
observed viscosities are consistent with theoretical expectations, based on scaling 
arguments using a standard mixing-length model. Additionally, high near-bed 
Reynolds stresses correspond to drag coefficients up to one order of magnitude 
larger than expected for unvegetated areas. Hence, spatially variable  vegetation 
affects both the vertical and horizontal distributions of turbulence, which in turn 
modifies the downstream drag on other roots (Nepf, 2004) and the sediment 
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transport capacity of the vegetation (Furukawa et al., 1997; Furukawa & Wolanski, 
1996). This study emphasizes the need for future modeling or numerical studies to 
consider the horizontal and vertical variability found in natural vegetation to 
correctly represent turbulence or predict depositional patterns.  
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4 Chapter 4 
Hydrodynamically Driven Changes in the Bed Elevation 






Ripples and other depositional features are created by waves 
as they pass through the mangrove fringe. 
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Chapter 4 presents the article entitled “The Response in Bed Elevation to Small-
scale Hydrodynamic Forcing within Coastal Mangroves”, which will be submitted 
to Geomorphology for review. Data were collected for this study during two field 
seasons (Section 1.6) in Vietnam by myself, Dean Sandwell, Julia C. Mullarney, 
and Stephen M. Henderson. I wrote scripts to load, quality control, and analyze all 
of the hydrodynamic data. I also prepared all of the figures and wrote the initial and 
subsequent drafts of this manuscript. My co-authors, Julia C. Mullarney, Karin R. 
Bryan and Stephen M. Henderson edited my drafts and provided helpful comments 
and direction.  
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Abstract: 
Field experiments were carried out within a wave-exposed coastal mangrove forest 
to quantify the change in bed level throughout a tidal cycle using high-resolution 
velocity and bed level measurements collected in situ. Experiments spanned the 
unvegetated mudflat, mangrove forest fringe and forest, where data were collected 
during single tidal cycles (flood-ebb) during a two-week period. Cross-wavelet 
transforms of the velocity and bed level measurements were often highly correlated 
(≥ 90% squared coherence) over a range of frequencies, spanning those 
corresponding to short-period wind and swell waves to long-period infragravity 
waves. Bed level change events associated with short-period waves were more 
frequent in the mudflat and fringe, while those associated with long-period waves 
were much more frequent in the forest. Net bed level changes over single events 
were nearly normally distributed, indicating similar numbers of events resulting in 
accretion and erosion, regardless of the across-shore position. Still, bed level 
change events exceeding the observed net tidal elevation change occurred 
infrequently. This pattern suggests that the net tidal elevation change within the 
mangrove forest must be related to the frequency of these infrequent events. Large 
bed level changes were often associated with high bed shear stresses (0.3 – 1.5 N 
m-2) and turbulence of O(10-3 W kg-1), particularly on the mudflat and in the forest 
fringe. Across all experiments, the mudflat and forest site experienced net accretion 
(4.5 and 6.8 mm, respectively) while the fringe experienced net erosion (-9.5 mm). 
This work suggests a dynamic role for waves in mangroves: short-period waves stir 
sediment on the mudflat and forest fringe, while infragravity waves help advect 
entrained sediment inside the forest. 
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4.1 Introduction 
Mangroves are salt-tolerant shrubs and trees that thrive in the intertidal areas of 
tropical and subtropical coastlines. Mangroves are characterized by their massive 
above-ground root systems that actively dissipate incident wave energy (Massel et 
al., 1999; Mazda et al., 2006), reduce current velocities (Furukawa et al., 1997; 
Mazda et al., 1997a; Wolanski et al., 1980), and facilitate the deposition of fine-
grain sediments through the stagnation of sediment-laden water (Furukawa & 
Wolanski, 1996; Wolanski, 1995a; Wolanski et al., 1996). Over time, the 
accumulation of terrigenous sediment and organic material in mangroves can lead 
to the aggradation of mangrove shorelines. Given these bio-physical feedbacks, a 
substantial amount of work has focused on whether mangrove forests have kept 
pace with fluctuations in eustatic sea level throughout the Holocene (Ellison, 2009; 
Fujimoto, 1998; Krauss et al., 2010; Lovelock et al., 2011; McKee, 2011; 2007; 
Walsh & Nittrouer, 2004; Woodroffe, 1990). However, to understand whether 
mangrove surface elevation can track local sea level rise into the future, there needs 
to be a thorough understanding of the physical processes controlling bed elevation 
change in mangrove systems. In general, these processes can be divided into 
surficial (i.e., sedimentation, accretion and erosion), as well as sub-surface 
processes (i.e., the growth or decomposition of roots, and changes to soil properties 
such as compaction or expansion) (McIvor et al., 2013). The former is the focus of 
this study, specifically the impact of mangrove vegetation on accretion and erosion. 
Key variables that determine the depositional patterns in mangroves are thought to 
be the sediment supply to the forest, hydrodynamic setting, and vegetation density 
(Krauss et al., 2003; Kumara et al., 2010; Rogers et al., 2006; Woodroffe, 1992).  
Suspended sediment is transported into mangrove swamps through the combined 
action of tides and waves (Van Santen et al., 2007; Woodroffe & Davies, 2009) or 
through high-magnitude storm or tsunami events (Ellison, 2009). Sediment 
trapping by mangroves is thought to be facilitated by the generation of turbulence 
in the wake of mangrove roots, which breaks up flocs and creates stagnation zones 
in which sediment can be deposited (Furukawa et al., 1997; Wolanski, 1992; 1995). 
Elevated turbulence levels maintain suspended sediment concentrations until 
current velocities drop close to slack tide (Furukawa & Wolanski, 1996). Deposited 
sediment is not re-entrained during the ebb tide so long as currents remain lower 
   
105 
than critical shear thresholds. The resulting asymmetry between flood and ebb tidal 
currents results in a net import of sediment into mangrove forests (Furukawa et al., 
1997; Horstman et al., 2015; Van Santen et al., 2007; Wolanski et al., 1990).  
In general, vegetated regions tend to reduce wave orbital velocities relative to waves 
above a plain bed (Hansen & Reidenbach, 2012). Previous studies have shown that 
aquatic vegetation acts as a low-pass filter of wave energy, with longer-period 
waves penetrating greater distances within vegetated regions (Bradley & Houser, 
2009; Hansen & Reidenbach, 2012; Horstman et al., 2012; Riffe et al., 2011; Vo-
Luong & Massel, 2008). While the role of short-period waves in sediment transport 
and resuspension in coastal mangroves has been qualitatively described (e.g., Van 
Santen et al., 2007; Winterwerp et al., 2005), the role of long-period infragravity 
waves has yet to be explored. Short period wind and swell waves can easily erode 
the soft mud of mangrove coastlines (Winterwerp et al., 2005). Although 
mangroves typically inhabit sheltered intertidal areas that are only exposed to weak 
currents and small waves, the high-energy conditions typical of storm events can 
cause large-scale erosion of the mangrove platform (Van Santen et al., 2007). While 
short-period waves may be readily attenuated over hundreds of meters within 
mangrove forests (Henderson et al., 2017; Horstman et al., 2012; Vo-Luong & 
Massel, 2008), long-period infragravity waves require substantially larger widths 
(up to 10x) of forest to be effectively attenuated (Phan et al., 2015). Hence, it has 
been hypothesized that short-period waves do not play a major role in determining 
the sedimentation regimes within a mangrove forest (Phan et al., 2015). Instead, 
forest-scale patterns in sedimentation may be controlled by the propagation of 
infragravity waves.  
Depositional patterns are also affected by the spatial variability in vegetation 
density across vegetated regions. The abrupt change in roughness from mudflat to 
vegetation cover can induce turbulence (Nepf, 1999) which reduces the settling of 
fine particles and can cause the resuspension of deposited material around the edges 
of the mudflat (Neumeier, 2007; Widdows et al., 2008). Further inside the forest, 
turbulence may also encourage the deposition of fine-sediments in stagnation zones 
created in the wake of mangrove roots (Furukawa et al., 1997). Actual depositional 
patterns are highly dependent on the vegetation properties, sediment supply and 
characteristics, and local hydrodynamic conditions. For example, while some 
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authors have observed a positive correlation between sediment accretion and 
mangrove root densities (Kumara et al., 2010; Young and Harvey, 1996), others 
have observed the opposite effect (Krauss et al., 2003; Mullarney et al., 2017b; 
Spenceley, 1977). These accretionary trends likely reflect the balance of drag forces 
and turbulent dissipation, which is governed by the spatial distribution and density 
of the vegetation. Enhanced turbulence at the fringe of the forest stirs up sediments 
and decreases incident wave energy, eventually creating a relatively sheltered forest 
interior that is favorable to sedimentation (Norris et al., 2017).   
While sediment transport is generally considered to be driven by the near-bottom 
shear stress, this stress is difficult to quantify in vegetated areas (Le Bouteiller and 
Venditti, 2015). Over denuded beds, the bed shear stress can be estimated from the 
near-bed friction velocity derived from a simple law-of-the-wall relationship. 
However, in regions of submerged dense vegetation, skimming flow precludes the 
formation of a logarithmic boundary layer as flow is severely reduced within the 
canopy (Ghisalberti & Nepf, 2006; Nepf & Vivoni, 2000). Rough-wall boundary 
layers may still form in sparse vegetation (Poggi et al., 2004) as observed in field 
experiments by Sukhodolov & Sukhodolova, (2006) and Lacy & Wyllie-
Echeverria, (2011). Recently, several studies have developed methods for 
estimating bed shear stresses in vegetated systems (Etminan et al., 2018; Yang et 
al., 2016; Yang and Nepf, 2018), the latter method we have employed for the 
vegetated cases presented here. Evidence suggests that high near-bed turbulence 
levels are correlated with high bed load fluxes, and the formation of scour holes and 
other sedimentary structures (Yager and Schmeeckle, 2013). Such depositional 
patterns have been observed in mangroves before (Mullarney et al., 2017b; Norris 
et al., 2017); however, these patterns have not yet been quantitatively linked to the 
hydrodynamic climate. 
The purpose of this chapter is to investigate the causes of bed level variability 
throughout a tidal cycle within varying densities of mangrove pneumatophore roots 
across a transect of mangrove vegetation. The goals of this study are to quantify: (i) 
the spatial and temporal variation in the bed level within patches of roots, (ii) the 
hydrodynamic forcing conditions expected to correlate with bed movement (i.e., 
the bed shear stress, turbulence, and mean current velocity), and (iii) the effect of 
hydrodynamic burst (or event) length on bed level change throughout the tidal 
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cycle. Results for mangrove vegetation are compared to the unvegetated mudflat as 
a control. 
4.2 Methods 
4.2.1 Field Site 
Field observations were conducted in the mangrove forest fringe that lines the 
seaward shore of Cù Lao Dung in the southern Mekong River Delta, Vietnam 
(Figure 4.1a – b). The lower southwestern corner of the island is prograding rapidly, 
with a sandy substrate and a shallow slope of approximately 1 in 800 (Bryan et al., 
 
Figure 4.1: Deployment location. Panel (a) Regional context of deployment 
region (red square) situated within the lower Mekong Delta. (b) Deployment 
locations (SW) on the seaward edge of Cù Lao Dung, shown in detail in panel 
(c), where white lines denote the relative position of the boundaries between the 
mudflat, fringe and forest. Fixed instruments are denoted with blue circles, and 
moveable array sites 1 – 3 with orange squares.  Panels (d, e, f) photos of 
deployment configurations in each of the three environments, 1 m2 quadrats for 
scale. Note, the mudflat ADCP is not shown in panel (d). Data sources are 
respectively, Envisat (a), Rapideye (b), Google Earth (c). 
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2017). Here, a wide belt of young Sonneratia caseolaris mangroves inhabit the 
shoreward 150 m of forest, with the highest tree density in the forest fringe (Bullock 
et al., 2017). The island is fronted by a shallow interlaminated mud and sand flat 
that stretches seaward several kilometers in the southwest (Fricke et al., 2017). 
Waves generated offshore in the East Sea (South China Sea) propagate directly 
across the mudflat and into the forest. Experiments were conducted over a neap-
spring transition during a two-week period in March 2015 under northeast 
monsoonal conditions. This period was characterized by moderately high wind 
speeds (~10 m/s) close to the along-shore direction, and significant wave heights 
up to 0.7 m offshore of the mangrove forest (Chapter 3). 
4.2.2 Measurements 
Instrumented frames were placed on the mudflat, mangrove fringe and forest to 
characterize the hydrodynamics and sediment dynamics of each area. Deployments 
consisted of fixed-location sensors that recorded nearly continuous measurements 
for the two-week period, and a series of ‘moveable array’ sensor packages that were 
relocated after approximately 24 – 48 hours of data collection (Figure 4.1, Sites 1 – 
3). A total of 19 individual moveable array deployments were conducted in different 
locations within the mudflat, forest fringe and forest for a total of 29 flood and/or 
ebb tidal experiments (see: Norris et al., 2017 for details). This chapter focuses on 
six typical experiments from the 2015 field season (for a total of 14 measurement 
locations; Table 4.1). In addition to the hydrodynamic measurements, surface 
sediment samples were collected daily by hand near the moveable arrays.   
 
The fixed-location instruments consisted of a Nortek Vector (VEC) deployed on 
the mudflat, an RBR Duo deployed near the mudflat/mangrove forest boundary, 
and a 2MHz Nortek Aquadopp (ADCP) deployed approximately 150 m inside the 
forest (Figure 4.1c). The RBR logged temperature, pressure and optical backscatter 
at 6 Hz and the Vector logged wave and current velocities, temperature and pressure 
continuously at 32 Hz. The Aquadopp was collocated with two vertically separated 
Campbell Scientific OBS 3+ optical backscatter sensors set at 0.15 and 0.40 m 
above the bed, and logged current velocities, pressure, temperature, and backscatter 
over 10-minute bursts at a sampling frequency of 2 Hz.  Optical backscatter sensors 
were calibrated using in situ water samples collected nearby to obtain suspended 
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sediment concentrations (see: Fricke et al., 2017 for details). All fixed instruments 
were deployed near the bed on low-profile mounts to allow near-bed measurements 
while minimizing flow interference.  
 
Moveable array sensor packages each consisted of a single 10 MHz Nortek 
Vectrino Profiler (‘Vectrino’) to measure near-bed flow velocities, and a single 
ADCP to measure the water depth and wave climate at each deployment location. 
With one exception, each deployment consisted of a single moveable array package 
deployed at three locations along an across-shore transect line in the mudflat, fringe 
and forest (Figure 4.1d – f). The exception was the experiment conducted on March 
9th, 2015 (Table 4.1), when all three Vectrinos were deployed in the fringe to study 
the heterogeneity of flow patterns across a small area. The moveable-array ADCPs 
were set to record nearly-continuous measurements at 8 Hz in pulse-coherent mode 
over a profile ranging from 0.22 – 0.45 m above the bed surface at a bin resolution 
of 0.025 m. The three Vectrinos were connected to a laptop and logged near-bed 
velocity profiles 0.035 m in length at a bin resolution of 0.001 m almost 
continuously at 50Hz. In addition to velocity measurements, the Vectrinos also 
provide an estimate of the bed level from a downward-looking center transducer 
that records acoustic returns over a short range. The approximate bed level position 
is returned as the point of maximum near-bed backscatter at a sample rate of 10 Hz 
(Section 4.2.4.4). Hydrodynamic measurements were collected with the movable 
arrays during the rising flood tide and falling ebb tides of the dates listed in Table 
4.1. The ADCPs were set to record for the duration of each experiment. Vectrino 
data were collected from the time at which all of the instruments were submerged 
by the rising tide (approximately 20 – 40 minutes after low tide) until just before 
high tide. 
The root canopy at each site (where applicable) was surveyed using the 
photogrammetric method of Liénard et al., (2016). Datasets consisting of 50 – 300 
photos taken of each quadrat from all angles were input into an open-source 
photogrammetric reconstruction software to generate a 3D point cloud of 
overlapping feature matches. Vegetation geometry was then reconstructed from 
each point cloud using a ‘sector-slice’ algorithm (Liénard et al., 2016). The frontal 
area density a [m-1] of the canopy as a function of height above the bed was 
calculated as the number of stems per square meter (n) times the mean stem 
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diameter (d). Root clusters upstream of the Vectrinos were determined by manually 
comparing each of the reconstructed root canopies with the dominant 10-minute 
averaged current and wave directions at each measurement site (Figure 4.2). Wave 
directional spectra were computed from pressure and velocity measurements 
recorded by the ADCPs in each moveable array following the method outlined in 
Gordon and Lohrmann, (2002). Current and wave directions (Figures 4.2a and c) 
were compared to quadrat surveys rectified into the across and along-shore 
direction (Figures 4.2b and d) to determine which roots nearby the Vectrinos would 
likely have generated measureable flow disturbance. Past research has shown that 
the wake produced by dense clusters of cylinders with mean diameter d resembles 
that of a larger solid body with diameter D (e.g., Chen et al., 2012; Nicolle and 
Eames, 2011). It is also expected that enhanced turbulence can be measured by 
near-bed instruments up to (if not greater than) 20 cm from dense patches of 
pneumatophore roots (Norris et al., 2019). Hence, clusters of roots nearby the 
Vectrinos were assigned a width of D if more than four roots were within 20 cm 
upstream of the instrument (Figure 4.2c and d). For cases with individual isolated 
roots nearby the instruments (e.g., Figure 4.2a and b), D = d. The dimensionless 
population density aD [-] is reported in Table 4.1 for each experiment as an estimate 
of the root density in each location.  
In one case, two photo surveys were collected of the same experiment location 
during low tide before and after the experiment on March 9th, 2015 to examine the 
spatial changes in the bed level across a single tidal cycle. The point clouds were 
aligned in the freeware CloudCompare using the basal center points of the 
pneumatophore roots in each cloud for reference. The mean uncertainty in the 
alignment was 8 mm, which was assessed by measuring the distance between the 
center points of 40 pneumatophore roots after aligning the point clouds. These point 
clouds were interpolated into rasters using a GIS (ESRI ArcMap 10.2) and then 
were differenced to produce a map of bed level change (Section 4.3.2).




Table 4.1: Locations of hydrodynamic and sediment measurements (ref. Figure 4.1 for locations), deployment durations and general 
conditions during the experiments. All experiments were conducted in 2015. Column headers are as follows: Tp = peak wave period, Hs = 
significant wave height, n = number of pneumatophores per square meter, aD = normalized root density, z = Vectrino probe height above 





















03/06 Mudflat 1 13:37:46 204 2.40 0.26 0 0 0.06 58.2 85 15 
 
 Fringe 2   2.40 0.26 102 0.07 0.06 123.2 94 6  
  Forest 3     2.32 0.13 37 0.02 0.06 35.8 5 95  
03/09 Fringe 2 2:10:00 140 4.34 0.20 66 0.42 0.24 123.2 94 6  
03/11 Mudflat 1   3.31 0.39 0 0 0.06 58.2 85 15  
 Fringe 2   3.07 0.33 45 0.06 0.06 123.2 94 6 
    Forest 3     3.03 0.17 84 0.03 0.06 50.1 37 63 
Ebb 
Tide 
03/05 Mudflat 1 15:32:10 80 2.44 0.22 0 0 0.13 153.6 85 15 
 
 Fringe 2   2.42 0.22 102 0.22 0.13 199.4 94 6  
  Forest 3     2.25 0.12 37 0.02 0.08 77.2 5 95  
03/09 Fringe 2 4:30:00 140 4.34 0.20 66 0.42 0.24 123.2 94 6  
03/12 Mudflat 1 7:01:55 131 3.01 0.29 0 0 0.06 153.6 85 15  
 Fringe 2   2.63 0.20 45 0.06 0.06 199.4 94 6 
    Forest 3     2.50 0.10 84 0.03 0.06 81.0 37 63 
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Figure 4.2: Method for estimating patches of pneumatophore roots from two of 
the flood tide experiments, March 11th, 2015 (panels a and b), and March 9th, 
2015 (panels c and d). Panels (a, c) show the 10-minute averaged current direction 
measured by the ADCPs collocated with the Vectrinos as a grey sector. Current 
velocity magnitudes averaged 0.1 m/s during the March 11th, 2015 experiment, 
and 0.08 m/s during the March 9th, 2015 experiment. Panels (a, c) also show the 
dominant wave direction (to) colored by the wave orbital velocity. Panels (b, d) 
show a 20 cm2 subsampled region of each quadrat survey around the Vectrino 
(yellow triangle). Pneumatophore basal diameters are depicted as black circles. 
The patch width D or individual root diameter d is shown in red for roots upstream 
of the Vectrinos. 
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4.2.3 Sample Analysis and Data Quality Control 
In the laboratory, surface sediment samples were homogenized, mixed with a 
0.05% sodium hexametaphosphate solution to deflocculate the samples, and then 
were sonicated for 15 minutes to disperse the grains. Grain size analysis was carried 
out on a Beckman-Coulter LS13320 Laser Diffraction Particle Size Analyzer (A. 
Fricke, pers. comm., 2018). The classification for particle sizes follows Folk & 
Ward, (1957): sand (2 – 0.063mm), silt (0.063 – 0.004 mm), and clay (<0.004 mm). 
Median grain sizes for the experimental sites are reported in Table 4.1. 
ADCP data were processed to remove low quality data corresponding to 
correlations below 70% and phase-wrapped velocities (e.g., Lohrmann et al., 1990). 
Vectrino and ADV data were similarly processed to remove data corresponding to 
low correlations and signal-to-noise ratios, and then were despiked following the 
routine outlined by Goring & Nikora, (2002). For experiments when the Vectrinos 
were mounted close to the bed (where z ≤ 0.06 m, 63% of experiments; Table 4.1), 
the wave bottom boundary layer (WBBL) thickness was computed for each 
instrument (see: Norris et al., 2017 for details). All measurements within the WBBL 
and below the bed level were removed prior to analysis. Data gaps were filled either 
using a linear or cubic fit for gaps less or greater than 100 points, respectively. 
Finally, all velocity data were rotated into an across-shore (u), along-shore (v), and 
vertical (w) coordinate system.  
4.2.4 Data Analysis 
4.2.4.1 Mean Velocity and the Dissipation Rate of Turbulence 
Both the mean velocity and turbulent kinetic energy (TKE) dissipation rate 
estimates were calculated from the Vectrino velocity records for the duration of 
each experiment. Velocity records sampled at 50 Hz were segmented into 3-minute 
bursts each containing n = 9000 samples and windowed time series were computed 
at 1 Hz. The mean velocity was computed for each burst. The dissipation rate was 
calculated for each Vectrino depth bin using the structure function method of Wiles 
et al., (2006). This method, described in greater detail in Chapter 2, uses differenced 
adjacent along-beam locations (‘bins’) up to a number of lags (‘bin distances’) 
along a profile of vertical velocities. This differencing technique has proven to be 
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effective at filtering out large-scale vertical variability, such as wave oscillations, 
that are not associated with inertial turbulence (Wiles et al., 2006). With four beams, 
the Vectrino provides two independent estimates of the vertical velocity, w1 and w2. 
Velocity differences of each vertical velocity profile were computed at steps of 1 
mm to a maximum lag of 5 mm, producing a profile of TKE dissipation rate 
estimates up 30 mm in length (or shorter, depending on the location of the bed and 
height of the WBBL). Finally, the two dissipation rate estimates were averaged 
together to produce one estimate per second, per depth bin.  
4.2.4.2 Bed Shear Stress under combined Waves and Currents (cw) 
Over submerged, un-vegetated surfaces, the velocity profile follows the law of the 











where κ = 0.4 is Von Kármán’s constant, z0 is the bed roughness amplitude [m], 
and u* [m/s] is the friction velocity (Soulsby & Dyer, 1981; Whitehouse et al., 
2000). The bed shear stress due to currents is given by, 𝜏  = ρu*
2, where ρ is the 
density of sea water [= 1025 kg/m3]. For vegetated surfaces, c can be estimated 
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 (4.2) 
Here ν is the kinematic viscosity of seawater [= 1.05 x 10-6 m2/s], 𝑢 ̅ is the near-
bottom mean current velocity, and Cf is the bed drag coefficient, estimated using a 
semiempirical equation containing the water depth h and the median sediment grain 






The wave-induced bed shear stress (τw) is obtained from the peak bottom orbital 





 2. (4.4) 
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The peak wave orbital velocity is calculated from the near-bottom velocity spectra, 
Suu and Svv, for the u and v components of velocity using Welch’s method (e.g., 
Wiberg and Sherwood, 2008), 
𝑈𝛿 =  2 𝑆𝑢𝑣,𝑖 ∆𝑓𝑖, (4.5) 
where Suv = Suu + Svv is the combined horizontal spectrum, with individual frequency 
band i. Following the approach in Madsen, (1994), the representative wave 
frequency, r [s-1] corresponding to Uδ is, 




where  = 2f is the radian frequency, and the representative bottom wave period 
Tr = 1/r. We use Nielsen, (1992) to predict wave friction factors as a function of a 
physical bottom roughness. Madsen, (1994) described the wave friction factor as,  




+  𝑎3; (4.7) 
where a1, a2 and a3 are provided by Nielsen, (1992) as 5.5, -0.2 and -6.3, 
respectively. The relation between the hydraulic roughness length kw and z0 from 
Equation (4.1) is kw = 30z0 for fully rough turbulent flow (Jonsson, 1966). From 
Soulsby, (1997), the time-averaged and cycle-mean bed shear stress due to currents 
and waves (τm, [N/m2]) is,  





Finally, the maximum shear stress (τb) during a wave cycle is,  
𝜏𝑏 =  (𝜏𝑚 + 𝜏𝑤|𝑐𝑜𝑠 𝜙|)
2 + (𝜏𝑤|𝑠𝑖𝑛 𝜙|)
2 0.5 (4.9) 
where ϕ is the angle between the mean currents and the direction of wave travel 
(Soulsby, 1997). Here, we compare τb against the critical shear stress τcr to 
determine the occurrence of sediment motion.  
In the present experiment, shear stress estimates were calculated using a 3-minute 
window (n = 9000) and a 1-second step to produce a 1 Hz time series to compare 
with the other hydrodynamic parameters. The bed roughness length z0 was 
computed by fitting Equation (4.1) using near-bottom across-shore mean velocity 
profiles measured by Vectrinos. Bursts that produced unrealistic roughness (z0 > 
0.1 m) were discarded, although most (83% of) z0 estimates fell within the realistic 
range of O(10-4 – 10-2) m. For the mudflat sites, τc was only calculated for bursts 
   
116 
exhibiting a logarithmic profile, determined by r2 > 0.7 from the least squares 
regression of u(z) and ln(z) (Figure 4.3). In all other cases, τc was estimated from 
near-bottom velocities, water depths and local sediment and vegetation properties 
using Equations (4.2 – 4.3). Estimates of τw were computed from ADCP 
measurements and the estimates of z0 with Equations (4.4 – 4.7). Finally, the 
maximum combined current-wave shear stress τb was computed with Equations (4.8 
– 4.9). 
4.2.4.3 Critical Shear Stress (cr) 
As the substrates of the experimental sites ranged from dominantly sandy to 
dominantly muddy (Table 4.1), critical shear stresses had to be determined on a per-
site basis using either a formulation for cohesive or non-cohesive sediments. 
Sediment samples were first grouped as cohesive or non-cohesive by the percentage 
of mud in each sample, where cohesive sediments were > 15% mud (Van Rijn, 
1993). To compute the critical shear stress of the samples, we employed a formula 
developed by Wu et al., (2018) which is applicable across a range of sand and mud 
mixtures (between 0 – 100% mud content). This formula was developed using 
experimental data from several laboratory experiments where the sediment mixture 
ratios and grain sizes were known. To apply the formula, a user needs only to know 
 
Figure 4.3: An example logarithmic fit (red line) to 10 min time-averaged 
velocity profiles (Equation 4.1). Data are from the mudflat site. The velocity 
measurements are normalized by the measurement closest to the bed. The r2 of 
this example is 0.94 with p-val < 0.05. 
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the percentages of sand and mud in each sample, the median diameters (d50) of the 
sand and mud fractions (Table 4.1), and the dry density of the sample, which can 
be computed from the mixture d50 and Eqns. (3 – 4) from Wu & Wang, (2006). All 
other parameters required by the formula are given in Wu et al., (2017), which were 
derived from the other laboratory experiments. For the cohesive samples, shear 
stresses were computed from the sediment parameters in Table 4.1 and data from 
Smith et al., (2015), who measured the shear stresses of sand and Mississippi River 
mud mixtures over a range of 0 – 100% mud content. For the non-cohesive samples, 
shear stresses were computed from parameters in Table 4.1 and data from 
Panagiotopoulos et al., (1997) who estimated the shear stresses of low mud content 
mixtures. 
4.2.4.4 Bed Level Extraction 
Bed level identification was conducted by analyzing the backscatter returns from 
the Vectrinos. For near-bottom mounted instruments, two boundaries are 
distinguishable in the backscatter: the bed fluid interface, identified by the depth 
with the maximum change in acoustic backscatter, and the bed surface, identified 
by the depth of maximum backscatter (Staudt et al., 2017). As shown in Figure 4.4a, 
there is a band of high amplitude returns near -5 dB (where 0 dB is maximum) that 
signifies the bed surface. Above this depth, the backscatter in the water column 
varies between -15 and -10 dB, indicating a high concentration of suspended 
sediment. This suspended sediment and other organic detritus floating in the water 
(e.g., leaves, etc.) affects the instantaneous bed level reported by the instrument 
(Figure 4.4b). To estimate the bed level, the instantaneous bed level was despiked 
using a 512-point running-median (red curve, Figure 4.4b). The averaged bed level 
was compared to the depth of maximum amplitude in the backscatter to confirm its 
accuracy for each experiment (Figure 4.4a). Generally, a 512-point running median 
was sufficient, but in a few cases, either a shorter or longer window was used to 
produce accurate bed level traces.  
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4.2.4.5 Wavelet Analysis 
For signal processing, wavelet analysis was used to examine the coherence between 
velocity oscillations and irregular fluctuations in the bed level beneath each 
Vectrino. Here, the across-shore velocity was correlated to the bed level using a 
cross wavelet transform (XWT), and a non-orthogonal Morlet wavelet with a non-
dimensional frequency ω0 = 6 to satisfy the admissibility condition (Farge, 1992). 
The Morlet wavelet provides a good balance between time and frequency 
localization (see: Grinsted et al., 2004), and provides realistic images of the 
oscillations that are common to both periodic and aperiodic signals, such as those 
found in velocity and bed level fluctuations, respectively. The statistical 
significance level of the wavelet coherence was calculated using the chi-squared 
test for power spectra (since the wavelet spectrum is chi-squared distributed; 
Torrence & Compo, 1998) and 300 Monte-Carlo simulations. Software for the 
wavelet analysis was provided by Grinsted et al., (2004), who developed a 
MATLAB toolbox (http://www.pol.ac.uk/home/research/waveletcoherence/) to 
run the XWT analysis, compute phase angles, coherence levels, and significance 
testing on the two input signals.  
 
Figure 4.4: Example raw data from the experiment conducted on March 6th, 
2015 at Site 3 used to identify the bed level. Panel (a) Vectrino acoustic 
amplitude returns, where the maximum value of the amplitude (white) is 
compared to the reported averaged bed level (black) from panel (b). Panel (b) 
Reported instantaneous (black) and running median (red; 512-point window) of 
the bottom track of the Vectrino. 
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The wavelet analysis was performed on the instantaneous across-shore velocity and 
the bed level time series for each experiment for the duration of the Vectrino data 
record (Table 1). Velocities were first reduced to 10 Hz to match the time step of 
the bed level time series. Data were linearly detrended, then histograms of each 
time series were plotted to ensure an approximately normal distribution (e.g., 
Grinsted et al., 2004). The detrended time series were then input into the XWT 
toolbox to produce an M*N matrix of wavelet coherences, where M is the frequency 
of the signals and N is time. Contour plots of squared wavelet coherence spectra 
(Figure 4.5) show time series of frequencies of significant spectral power. The 
shaded areas around the edges of the plot represent the cone of influence (COI) 
outside of which frequencies of high coherence were disregarded (see: Torrence & 
Compo, 1998). Moments of high coherence ≥ 90% squared coherence) are outlined 
with black contours. 
 
Figure 4.5: Example cross wavelet transform of the across-shore velocity (u) and 
the bed level for three across-shore positions: the mudflat (a), fringe (b) and forest 
(c) during the experiment on 6th of March, 2015. The shaded areas denote the cone 
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4.2.4.6 Event Identification 
The example wavelet contour plots in Figure 4.5 demonstrate that changes in the 
bed level were often highly correlated to oscillations in velocity over a range of 
periods and times during both the rising (in this case) or falling tide. In this study, 
a movement event (also referred to hereafter as simply an ‘event’) is defined as the 
length of time wherein these two signals are correlated at or above a 90% coherence 
level (e.g., the moments defined by dark contours in Figure 4.5). From the wavelet 
analysis, the event period ranges from that of ~10 seconds- a lower limit defined by 
the averaging interval of the bed level time series- to tens of minutes. This range 
spans the gamut of bed level response to short period wave forcing (10 s < 1/ω < 
30 s), and long-period infragravity forcing (1/ω > 30 s). To determine event 
durations, all wavelet coherence datasets were subjected to the following procedure: 
first, values outside the COI were excluded, and then the periods of high coherence 
(≥ 0.9) were identified to determine individual events across all frequencies. The 
event duration was determined as the longest length of each coherent moment 
multiplied by the time step. Then, a mean value of the other hydrodynamic 
parameters (the water depth, significant wave height, dissipation rate, bed shear 
stress, and the mean across-shore velocity) was calculated using the start and stop 
indices for each event. Similarly, the net bed level change over a single event was 
calculated by subtracting the bed elevation at the end of the event from the elevation 
at its beginning. 
4.3 Results 
4.3.1 General Conditions during the Experiments 
Time series of depth, mean current velocity, significant wave height and SSC 
clearly show differences between neap and spring conditions (Figure 4.6). Mean 
depth-averaged currents reached 0.62 m/s on the mudflat during spring tidal 
conditions. In the forest, tidal currents were much weaker, with a maximum speed 
of 0.23 m/s. The variation in suspended sediment concentration was strongly 
dependent on wave-driven resuspension (e.g., Fricke et al., 2017). Low SSC values 
during neap conditions corresponded to the period of lower incident wave energy 
(March 3 – 6th). Greater SSC values in the fringe and forest corresponded to spring 
conditions and much larger incident wave energy (significant wave heights up to 
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0.7 m; March 8th – 12th). Fringe and forest SSC levels were similar. In general, SSC 
levels tended to peak early in the flood tide then decreased throughout the ebb tide. 
Although the direction of the instantaneous sediment flux varied over the course of 
the tide, the fortnightly averaged sediment flux was directed into the mangrove 
forest throughout the experiments (cf. Figure 11, Fricke et al., 2017).  
In general, the mean near-bottom across-shore velocity decreased with distance 
inside the forest during both flood and ebb tide experiments (Figure 4.7a – b). Flow 
velocities on the mudflat were of similar magnitude between flood and ebb tides, 
while maximum flow velocities in the vegetated regions decreased between the 
flood and ebb tides. Similarly, bed shear stresses also decreased with distance inside 
the forest (Figure 4.7c – d). Maximum bed shear stresses during the flood (ebb) 
tides were 1.7 (1.7) N/m2, 1.4 (1.6) N/m2, and 0.7 (0.6) N/m2 for the mudflat, fringe 
and forest sites, respectively. Critical erosion thresholds were estimated from 
sediment samples to be 0.18 N/m2, 0.26 N/m2 and 0.40 N/m2 for the mudflat, fringe 
and forest sites, respectively, reflecting the increase in cohesives with distance 
 
Figure 4.6: Time series of water depth, the across-shore, depth-averaged velocity 
(|𝑢|), significant wave height (Hs), and suspended-sediment concentration (SSC). 
Note some instruments were part of the moveable arrays and so records from a 
single location do not cover the full two-week period. The length of each 
experiment (Table 4.1) is represented by the shaded areas in each panel. 
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onshore (Table 4.1). In the mudflat and fringe sites, measured shear stresses 
exceeded their respective critical shear stress estimates 31% and 86% of the time 
during the flood tide, and 89% and 75% of the time during the ebb tide. In the forest, 
shear stress measurements exceeded the critical value 27% and 71% of the time 
during flood and ebb tides, respectively. Unlike the former two parameters, the TKE 
dissipation rate estimates were largest in the fringe and smallest inside the forest 
(Figure 4.7e – f). The peak of turbulence in the fringe was directly related to the 
greater pneumatophore root density (Table 4.1) within this narrow band of dense 
trees along the boundary of the mudflat and mangrove forest (Norris et al., 2017). 
 
Across all experiments, an average of 7.9  2.2%, 8.7  0.7% 12.1  2.7% of 
velocity and bed level measurements were significantly coherent in the mudflat, 
fringe and forest wavelet analyses, respectively. Wave ripples were observed at all 
positions along the across-shore transect line at some point during the experiments. 
Wave ripples migrate on a different time scale from the ones considered in the 
wavelet analysis, so their presence may have contributed to the generally low 
coherence between the instantaneous near-bottom velocity and the bed elevation. 
To establish this claim, ripple geometries can be modeled from wave parameters 
Figure 4.7: Boxplots depicting trends in the mean near-bed across-shore velocity 
(u), bed shear stress (τb) and turbulent kinetic energy dissipation rate () for the 
mudflat, fringe and forest sites. Panels (a, c, e) are of the flood tide experiments, 
while panels (b, d, f) are of the ebb tide experiments. In panels (c, d), the asterisk 
‘*’ denotes the average critical shear stress (τcr) required to entrain the 
characteristic sediment type for each area. 
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(Uδ) and sediment characteristics (d50 and the sediment density) using the empirical 
model outlined in Wikramanayake and Madsen (1994) (Appendix C). During the 
experiments, wave orbital velocities ranged from Uδ = 7 – 29 cm/s on the mudflat, 
Uδ = 5 – 30 cm/s in the fringe, and Uδ = 1 – 19 cm/s in the forest. Sediment d50 
generally decreased with distance landward, ranging from a maximum of 199.4 m 
in the fringe to a minimum of 35.8 m in the forest (Table 4.1). Evaluating 
Equations C.1 – C.3 for these conditions, modeled ripple wavelengths were 0.5 – 
0.12 cm with heights  = 0.08 – 1.8 cm, with the largest ripples in the fringe (where 
it was sandier) and smallest ripples in the forest (where it was siltier). The ripple 
migration speed Um can then be estimated using the model in Bagnold (1941) with 
the formulation of van Rijn (1998), the former parameters, fw and c (Equations C.4 
– C.7). Across all three sites, Um varied between 2.2 – 29 cm/hr, demonstrating that 
ripples likely migrated at speeds that were significantly slower than the wave orbital 
velocity. Hence, bed level changes associated with ripple migration were unlikely 
to be coherent with instantaneous velocities.  
Across all experiments, short events occupied between 16 – 116 min total time 
during the flood tide, and between 16 – 49 min total time during the ebb tide, 
corresponding to 2.3 – 8.5% and 2.3 – 4.6% of total experiment time, respectively.  
In contrast, infragravity-length events occupied between 4.2 – 6.2 hours during 
flood tide experiments, and between 4 – 4.5 hours during ebb tide experiments, 
corresponding to 36 – 47% and 35 – 43% of total experiment time, respectively. In 
general, movement events corresponding to short-period gravity waves were more 
common on the mudflat and fringe sites, while events corresponding to long-period 
infragravity waves were more frequent in the forest (see column Wave/IG events, 
Table 4.2). To exemplify these trends, Figure 4.8 shows three synoptic power 
spectral densities of pressure data from the mudflat, fringe and forest. Spectra were 
calculated using 2048 s de-trended Hamming-tapered segments with 50% overlap 
and band-averaged over 2 adjacent frequency bins (degrees of freedom > 20; 95% 
confidence intervals shown). In this example, spectral energy in the waveband (0.1 
< f < 1 Hz) decreased 76% between the mudflat and forest sites (separated by 130 
m), while only 23% of the energy in the infragravity band (0.001 < f < 0.1 Hz) was 
reduced over the same distance. 
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4.3.2 Bed Level Variability 
Figure 4.9 shows the bed level relative to the initial measured position below the 
Vectrino transducer at the start of the tide. These six time series show increases in 
the bed level variability over time, presumably related to the increase in wave 
heights over the two week measurement period (Figure 4.6; also discussed below). 
In general, the bed level tended to erode relative to the initial position during the 
flood tide experiments, and tended to accrete during the ebb tide experiments. High 
frequency oscillations were observed in all time series with fluctuations on the order 
of 2 mm commonly occurring. Large bed level changes greater than 10 mm also 
occurred but over longer time-periods (up to tens of minutes). Across all 
experiments, the largest bed level changes occurred in the fringe sites, while the 
smallest changes occurred in the forest. 
Figure 4.8: Example spectral density of the water depth from 
the 6th of March, 2015, computed for the mudflat, fringe and 
forest (light grey to dark grey lines). 
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Figure 4.9: Bed level time series for each experiment. Note, only the March 9th, 
2015 experiment was contiguous across high tide (Table 4.1). For the March 9th 
experiment, only the bed level trace from the ‘middle’ Vectrino profiler is shown 
(see Figure 4.10 for details). 
Bed level variances recorded by three closely-spaced Vectrinos placed within a 
dense root canopy in the fringe is shown in Figure 4.10a. In this figure, the 
‘Seaward’ and ‘Middle’ instruments were situated on either side of a row of roots, 
(black circles in Figures 4.10b and 4.10c) with the third ‘Landward’ instrument 
furthest away from the obstacles (refer to Figure 3.2) These instruments were 
deployed high above the bed surface (0.24 m, Table 1) to reduce the likelihood of 
self-scour by the Vectrino probes. Despite a small total horizontal separation of 30 
cm, the bed level traces for each instrument are remarkably different. During the 
flood tide, all three positions show substantial variability in the bed elevation. The 
greatest variance occurred under the middle instrument, where the bed quickly 
eroded around 7 cm from baseline, then infilled as slack tide approached (Figure 
4.10a). Other positions showed moderate erosion, up to 2 cm for the landward 
instrument, and close to zero net erosion for the seaward instrument. Relative to the 
flood tide, the variance of the bed level during the ebb tide decreased for all three 
instrument positions, although the variance was highest again at the middle 
instrument position, closest to the pneumatophores. 
The bed level change map from this experiment (Figure 4.10b) highlights some of 
the spatial variability in the bed level within a 1 m2 area across a single tidal cycle. 
   
126 
During this experiment, the maximum absolute bed level change was 30 mm ± 8 
mm. Depositional patterns are clearly affected by the position of the roots, as the 
greatest erosion occurred in the intervening areas around clusters of 
pneumatophores (Figure 4.10b). In some areas, pooled water meant the 
photogrammetric technique was unable to resolve bed levels (white areas in Figures 
4.10b and 4.10c). However, it is important to note that these areas generally 
corresponded local depressions in the bed surface immediately adjacent to the 
pneumatophores. Accretion occurred mainly in the area seaward of the instrument 
array, and the landward position furthest away from pneumatophore roots in the 
upper left quadrant of the survey area (Figure 4.10c). Hence, depositional patterns 
in mangrove roots in the forest fringe are highly variable and are spatially dependent 
on the heterogeneous distribution of roots within a given area.  
 
To collate depositional patterns across all experiments, the relative scour depth S/D 
is well-represented by the established relationship with the Keulegan-Carpenter 
(KC) number from Sumer et al., (1992): S/D = 1.3[1 – exp(-0.03(KC – 6))] (Figure 
4.11). Within engineering literature, the KC number has been established as a 
reliable predictor of wave-induced scour (e.g., Silinski et al., 2016). In the present 
study, the scour depth (S) was estimated by finding the 500 minimum bed levels for 
each time series, representing a range of the minimum bed states during each 
experiment, and D was determined as in Figure 4.2 (Section 4.2.2). As KC = 
UδTr/D, the greatest relative scour depths correspond to large values of KC and 
hence to intermediate values of aD, because KC and D are inversely proportional. 
Indeed, the largest relative scour depths occurred in the fringe during the March 
11th and 12th experiments when waves were large (Figure 4.6) in a canopy of 
moderate density (aD = 0.06). The smallest relative scour depth occurred during 
the March 9th experiment, due to the large size of the patch relative to the scour 
depth.  
 




Figure 4.10: Bed level during the experiment on March 9th, 2015. Panel (a) time 
series of the bed level across a single flood-ebb tide transition, with high tide 
indicated as the vertical black line. The initial bed level, surveyed prior to the 
experiment, is shown by the horizontal black line. Breaks in each curve are gaps 
in the data record. The bed level traces have been smoothed using a 50-point 
running mean for display purposes. Panel (b) a map of the bed elevation change 
computed by differencing the bed elevation areas of two photogrammetric surveys 
of the field site before and after the experiment on March 9th, 2015. The instrument 
positions described in panel (a) are shown in panels (b) and (c) as: seaward, grey 
circle; middle, dark grey diamond; landward, black star. The elevation change 
depicted is representative of the change in bed level across a single tidal cycle. In 
this figure, the average error in bed level is approximately 8 mm (see text for 
details). Areas with no data are colored in white. Panel (c) bed level after the 
experiment on March 9th, 2015. 




4.3.2.1 Elevation Change over Events and Tidal Cycles 
Probability distributions of the net elevation change over individual events (Section 
4.2.4.6) are similar for all three areas (Figure 4.12). The number of events retained 
was 238, 938, and 236 for the flood tide experiments, and 139, 478 and 133 for the 
ebb tide experiments; mudflat, fringe and forest, respectively. These event bed level 
distributions are nearly normally-distributed (with a goodness-of-fit values 
significant at the 95% level based on a chi-square test statistic with >40 degrees of 
freedom), and hence show a similar number of events resulting in net erosion or 
accretion.  In general, most net elevation changes within single events (i.e., ~55% 
of events for flood tides, and ~58% of events for ebb tides) were between ± 16 mm. 
Still, large bed changes exceeding ± 40 mm occurred but only in small percentages 
(< 5%). The event bed level distributions are also skewed, for example the forest 
sites tended towards negative elevations during the flood tide, and tended towards 
positive elevations during the ebb tide. In contrast, the mudflat and forest 
Figure 4.11: Keulegan-Carpenter (KC) number versus 
the normalized scour depth (S/D). The black curve is 
Eq. 9 from Sumer et al. (1992). The experiments with 
the largest and smallest S/D are labeled (Table 4.1). 
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distributions were similar in that they slightly tended towards positive elevations 
during the flood tide and towards negative elevations during the ebb tide. 
 
For the majority of events (e.g., 69 – 86% of all events regardless of experiment 
location or tidal stage), the net bed level change was nearly zero (≤ ± 1 x 10-3 m). 
As previously noted, bed level changes greater than ± 40 mm occurred with some 
regularity, predominantly in the fringe sites during both flood and ebb tide 
experiments (Figure 4.13). As the event bed level distributions are skewed, these 
data were grouped according to events resulting in accretion (change in bed level > 
0) and erosion (change in bed level < 0). In this figure, the red and blue dots show 
the extreme outliers (>1.5*IQR) for the minority of the flood and ebb data, 
respectively. As evident in the figure, the uncommon events were responsible for 
the greatest net change in bed level across all locations. Across all locations, the 
largest bed level changes were associated with infragravity-length events as these 
longer events capture a greater amount of bed level variation. Still, significant bed 
level changes up to ± 20 mm were observed during short events- particularly in the 
fringe- reflecting the importance of incident frequency waves as a driver for scour 
Figure 4.12: The distribution of the net elevation 
change over a single event for all flood (panel a) 
and ebb (panel b) tides. See text for definition of 
event. 
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around pneumatophore roots (e.g., Figure 4.11). In the forest, the largest bed level 
changes were mainly associated with long events regardless of the tidal stage 
(Figure 4.13e – f). These patterns are not unexpected given the observed reduction 
in short-period wave energy with distance inside the forest (Figure 4.8). In general, 
net bed level changes were not dependent on event length: there was only weak 
correlation between the bed level and event duration for the forest sites (r2 = 0.22, 
and r2 = 0.33; flood and ebb tides, respectively), and poor correlation for the mudflat 
and fringe sites (r2 < 0.1 in all cases). 
 
Figure 4.13: Boxplots depicting the net elevation change for individual events 
during flood and ebb tides. The top row depicts events that resulted in bed 
accretion and the bottom row depicts events that resulted in bed erosion. 
The statistics presented in Table 4.2 reiterate the different roles for short-period and 
infragravity waves in the morphodynamics of each across-shore location. Forest 
sites experienced a lower ratio of short events to long events than the other two 
sites. During the flood tide experiments, short events were more commonly 
associated with greater positive bed level change (accretion) over individual events 
on the mudflat and fringe, while long events were more commonly associated with 
greater negative bed level change (erosion) in the forest. During the ebb tide 
experiments, short events contributed greater erosion than accretion in all three 
areas. However, long events resulted in positive bed level changes in the forest that 
were 6.8 times greater than negative bed level changes under the same event period. 
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Across all events during the flood tide experiments, net positive bed elevations 
occurred in the mudflat and forest sites, while the fringe tended towards negative 
bed elevations. During ebb tide experiments, all areas tended towards negative bed 
elevations. However, the net change between flood and ebb tides in the mudflat and 
forest was positive (4.55 and 6.82 mm, respectively) while the forest was negative 
(-9.46 mm).  
4.3.2.2 Relationship to Forcing Conditions over the Tidal Cycle 
To conduct a systematic examination of the dependence of the net change in bed 
level during single events on the forcing conditions (e.g., h, Hs, u, b, and ), a 
stepwise multiple linear regression model was constructed for each sampling 
location (Table 4.3). Model results suggest that the net change in bed level 
positively scaled with increasing water depth, and negatively scaled with the other 
environmental variables across all sites. On the mudflat, the significant wave height 
was the most important predictor (largest absolute value of the standardized model 
coefficients) of the bed level. At this location, only h, Hs,b, and  were included 
model predictors, collectively explaining between 74 – 87% of the variance in bed 
level (F = 164, and F = 224 for flood and ebb tides, respectively; p-val < 0.01). 
Inclusion of all the parameters in the mudflat models resulted in decreased F-
statistics, indicating overfitting. In the fringe, the inclusion of up to four 
environmental variables could collectively only explain between 21 – 47% of the 
variance in bed level for either flood or ebb tides (F = 285, and F = 62.5, 
respectively; p-val < 0.01). In contrast, the inclusion of four environmental 
variables in the forest site models collectively explained between 87 – 93% of the 
variance in bed level (F = 236, and F = 212, respectively; p-val < 0.01). The low r2 
values quoted above reflect the dynamics of the forest fringe, suggesting vegetated 
sites exposed to a strong short-period wave climate produce a non-linear response 
of the bed level to the forcing conditions.  





Table 4.2: Statistics for wave and infragravity-length events across the mudflat, fringe and forest sites. 
 











Net change in bed level across all 
events (mm) 
      Wave IG Wave IG Min Median Max Net 
Flood Tide Mudflat 1.1 1.1 1 1.9 0.5 6.08 10.1 14.5 10.3  
Fringe 1.2 1.1 1.1 1.1 0.9 -42.6 -5.37 39.4 -2.5 
  Forest 0.7 0.7 0.9 0.3 0.7 0.49 9.95 19.4 10.0            
Ebb Tide Mudflat  1.2 1.0 0.9 0.2 0.1 -11.2 -5.75 -0.22 -5.75  
Fringe 1.1 0.8 1.1 0.3 3.0 -56.6 -0.83 65.7 -6.96 
  Forest 0.7 1.4 1.4 1.7 6.8 -11.1 -2.23 -1.27 -3.18 






Table 4.3: Multiple linear regression model results for the mudflat, fringe and forest sites. Symbols correspond to included model parameters: 
h, the water depth, b, the bed shear stress, , the TKE dissipation rate, and u, the mean current velocity. 







Flood Tide Mudflat R2 = 0.74 P < 0.01 0.01 164 Y = 2.4E-16 + 0.25h – 0.55Hs – 0.30b – 0.48 
 Fringe R2 = 0.47 P < 0.01 0.02 285 Y = -2.6E-16 + 0.28h – 0.42u  – 0.39b – 0.23 
 Forest R2 = 0.93 P < 0.01 0.03 236 Y = 6.3E-16 + 0.32h – 0.81Hs – 0.06u – 0.42 
Ebb Tide Mudflat R2 = 0.87 P < 0.01 0.006 224 Y = 9.0E-16 + 0.31h – 0.81Hs – 0.45b - 0.34 
 
Fringe R2 = 0.21 P < 0.01 0.004 62.5 Y = 2.5E-16 – 0.25Hs – 0.50 
 
Forest R2 = 0.87 P < 0.01 0.007 212 Y = 6.8E-16 – 0.61Hs – 0.47u - 0.39b – 0.63  
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4.4 Discussion 
Bed levels were measured within patches of mangrove pneumatophore roots of 
varying densities throughout a tidal cycle. Bursts of bed level movement were often 
correlated with the near-bed velocities over a range of periods, spanning that of 
short-period wind waves (1/ω < 30 s) to long-period infragravity waves (1/ω > 30 
s). Regardless of event duration, the majority of movement events resulted in bed 
level changes that were close to zero. For non-zero movement events, there were 
nearly equal numbers of events resulting in accretion and erosion (Figure 4.12). 
However, a few movement events resulted in large bed level changes that exceeded 
the total net bed level change over a tidal cycle (Figure 4.13 and Table 4.2). Hence, 
the net change in bed level across the tidal cycle was the cumulative result of 
opposing sediment transport signals.  
 
In general, short events were slightly more common on the exposed mudflat and 
fringe areas, while long events were much more common in the forest than in the 
other sites (Table 4.2). These results reiterate the importance of long-period 
infragravity energy as a driver of morphological change in mangroves. Along the 
coast of southern Vietnam, longer-period northeast monsoon waves with their 
larger infragravity component have been identified as a likely cause of greater 
sediment resuspension and coastal erosion (Anthony et al., 2015; Loisel et al., 
2014). The results of the present study are not inconsistent with these observations; 
incident wave-driven resuspension was a major driver of bed level change 
throughout the experiments (Figure 4.11), and infragravity energy was associated 
with erosion during the flood tide in the forest sites (Figure 4.13). However, across 
all experiments, net accretion occurred in the forest, indicating that- at least for the 
short window of observation- the forest is a net sink of sediment. Further, as the 
landward boundary of the mangrove forest is above high tide, the landward-
dominant flux of sediment  strongly implies that deposition occurred inside the 
mangrove forest (Fricke et al., 2017). A recent study of the long-term (decadal) 
trends in sedimentation on Cù Lao Dung suggests these patterns we observed over 
a short, two-week period are likely representative of the dominant processes acting 
over longer timescales (Fricke et al., 2017). Sediment may be mobilized by the 
greater incidence of short-period wave energy on the mudflat and fringe (Figures 
4.8, 4.9 and 4.11), and then may be transported into the forest through a 
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combination of long-period infragravity waves and tidal currents. During flood 
tides, turbulence and bed shear stress either scours the bed or keeps sediment in 
suspension inside the mangrove forest (Figure 4.6). This sediment may be deposited 
around slack tide (e.g., Furukawa & Wolanski, 1996) and is only re-entrained if 
turbulence and bed shear stresses reach critical values (Figure 4.7).  
 
The bed shear stress was often one of the most important predictors in the multiple 
linear regression models, regardless of the across-shore location and tidal stage 
(Table 4.3). Overall, measured bed shear stresses were greatest on the mudflat and 
declined with distance landward (Figure 4.7), consistent with the concept that shear 
stress is reduced in the presence of vegetation (e.g., Bennett et al., 2008; Tsujimoto, 
1999). Conversely, estimates of the critical shear stress increased in accordance 
with the decrease in grain size (and increase in the fraction of cohesives) with 
distance landward. Although the estimated critical shear stress values neglect 
contributions from biotic factors, such as sediment stabilization due to 
microphytobenthos (e.g., by diatom mats (Paterson, 1989)), or destabilization due 
to bioturbating macrofauna (Harris et al., 2016), bed movement at all three locations 
indicates the critical shear stress was often exceeded throughout the experiments. 
The greatest bed mobility was observed on the mudflat and fringe (Figure 4.9), the 
locations that experienced large shear stresses and the highest turbulence (Figure 
4.7). Erosional patterns in the fringe were highly spatially variable but were related 
to the spatial distribution of root structures over short distances (Figures 4.10 and 
4.11). These findings emphasize that turbulence generated within mangrove roots 
plays an important role in sediment transport. Indeed, Norris et al., (2019) found 
that mangrove roots, if exposed to a strong wave climate, generate intense near-bed 
turbulence that could cause local scouring from around the base of the roots. 
 
These results are important for future modeling studies that aim to recreate 
sedimentary processes in mangroves because: (i) The estimated critical shear stress 
values were larger than values that are often prescribed to vegetated platforms in 
numerical models (Horstman et al., 2015; Widdows et al., 2007). (ii) Models 
utilizing patches of regular, idealized vegetation analogues (López & García, 1998; 
Wu et al., 2001) cannot effectively recreate the depositional patterns that arise from 
the spatial distribution of mangrove roots (however, some recent studies such as 
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Horstman et al., (2015) have taken this effect into consideration). (iii) Many 
modeling studies of the sediment dynamics of salt marshes (Fagherazzi et al., 2012 
and references therein) and some of mangroves (Li et al., 2014) assume surface 
erosion is negligible over vegetated surfaces, implying these areas are net sinks of 
sediment with zero resuspension. This approach has two shortcomings, one that 
erosion around the edges of vegetated platforms (as observed here and by Bouma 
et al., 2007) is often poorly reconstructed, and two, the sediment entrained by 
resuspension can be advected by larger-scale flow patterns, such as riverine 
circulation and seasonal variation in wind and wave direction (McIvor et al., 2013; 
Wolanski et al., 1980), which affects the long-term morphodynamics of vegetated 
systems (Eidam et al., 2017b; Fricke et al., 2017). 
 
The depositional patterns observed in the present study are likely a result of the 
moderately low root densities of the mangroves of Cù Lao Dung (compared to other 
mangrove species and localities, e.g., Krauss et al., 2003). Denser mangrove forests, 
such as the Avicennia marina forests described in Young & Harvey, (1996) and the 
mixed Avicennia, Sonneratia, Rhizophora and Bruguiera mangrove forests 
described in Horstman et al., (2012) are more effective at inhibiting wave 
propagation, and hence may effectively stabilize the shoreline over shorter 
distances. The decline of root densities from the mangrove fringe inwards on Cù 
Lao Dung sets up a gradient of turbulent energy and wave dissipation (Norris et al., 
2017; Henderson et al., 2017). Enhanced dissipation at the fringe reduces the 
transmission of waves landward, eventually creating a sheltered forest interior 
where deposition can occur. Under storm conditions, enhanced turbulence would 
increase dissipation within the fringe and forest region (Henderson et al., 2017) and 
would likely erode the deeper forested areas. Unfortunately, the intensity of severe 
storms is predicted to increase in southeast Asia (Goodess, 2013), and sea levels are 
predicted to rise up to 1 m by 2100 in southern Vietnam (Nguyen, 2009) due to 
climate change. Rising sea levels, combined with a typhoon recurrence frequency 
of ~1.9 years (Imamura & To, 1997), could create greater inundation of coastal 
areas which could affect the sediment dynamics of coastal mangrove forests. As 
mangrove health is tied to a delicate balance between erosion and deposition 
(Fagherazzi et al., 2017), these changes could have profound effects for 
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communities that rely on mangroves for coastal defense, food and building 
materials.  
Finally, recent studies by Balke et al., (2013; 2011) have shown that there are 
narrow ‘windows of opportunity’ wherein hydrodynamic conditions are suitable for 
Avicennia or Sonneratia spp. mangrove propagules to establish on frontal mudflats 
or in mangrove fringes. The observations from the present study suggest that both 
the bed shear stresses and short-lived bed level changes occasionally exceeded the 
failure thresholds for young mangrove seedings (e.g.,  Balke et al., 2013). Climate 
change processes, such as increases in severe weather, could alter the external 
forcings to mangroves and other disturbance-driven ecosystems such as salt 
marshes. Quantifying the biophysical interactions is therefore key to better 
management and protection of these valuable ecosystems, now and in the future.  
4.5 Conclusions 
Field experiments were conducted within a wave-exposed coastal mangrove forest 
to quantify the forces responsible for bed level changes over a tidal cycle. These 
observations have yielded the following key insights of sedimentary processes 
within this and other coastal mangrove forests.  
(1) Time series of the bed level were often correlated to oscillations in 
velocity over a range of frequencies, from short-period wind and swell 
wave to long-period infragravity frequencies.  
(2) Although short-period wave energy decreased with distance inside the 
forest, infragravity wave energy was less reduced, consistent with the 
simulations of Phan, et al. (2015).  
(3) Of the bed level changes that were coherent with hydrodynamics, the 
bed movement on the exposed mudflat and fringe was dominated by 
short-period wave energy, while bed movement in the sheltered forest 
was largely associated with long-period infragravity energy.  
(4) Net bed level changes under both wave and infragravity events were 
normally distributed, with similar numbers of accretionary and erosive 
events. The largest bed level changes (up to ± 65 mm over a single 
event) were infrequent. Net bed level change over a tidal cycle is 
therefore determined by the balance of these larger events.  
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(5) Inside the forest, changes in the bed level were correlated with changes 
in the water depth, significant wave height, bed shear stress, mean 
across-shore velocity, and the turbulent dissipation rate. In multiple 
linear regression, the same (or fewer) forcing variables produced 
substantially weaker relationships with the change in bed level on the 
mudflat and fringe.  
(6) Over short distances (< 1 m), depositional patterns were associated with 
the spatial distribution of pneumatophore roots. These patterns are likely 
tied to intense near-bed turbulence generated by waves in the near 
vicinity of the roots.  
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5 Chapter 5 
General Conclusions 
5.1 Review of Major Concepts 
The research presented in this thesis aimed to enhance our understanding of the 
hydrodynamic and biogeomorphic feedbacks between mangroves and their 
environment that actively shape coastal mangrove forests. Four questions were 
identified, focusing on: (i) understanding how the heterogeneous distribution of 
mangrove pneumatophore roots affects turbulent dissipation within a Sonneratia 
mangrove forest; (ii) how the roots modify their flow field with respect to 
turbulence, (iii) how these spatial and temporal variations in turbulence affect 
sediment transport within mangrove roots and (iv) how these patterns indicative of 
the morphodynamic control by mangroves on their environment. Conclusions 
regarding each of the research questions are reiterated below: 
1.  How does the spatial distribution of mangrove pneumatophore roots affect the 
temporal and spatial distribution of turbulence within the mangrove forest? 
Specifically, how is turbulent energy dissipation affected by wave breaking and 
the water depth (tidal stage)? 
By measuring both the geometry of pneumatophores and the hydrodynamic 
conditions therein, Chapter 2 related the spatial patterns of root density with 
turbulence. Surveys of root geometries within 1 m2 quadrats spanning the mudflat 
to the forest interior revealed that root density was greatest within a narrow ~20 m 
wide band of trees at the mangrove forest fringe. Although turbulence was variable 
with the across-shore position and tidal depth, synoptic measurements showed that 
turbulence was elevated in the fringe relative to the other measurement locations 
(mudflat, forest). Within the fringe, averaged turbulent dissipation rates often 
exceeded 10-4 to 10-3 W kg-1 over ten-minute bursts, which are much larger than in 
typical estuarine systems (Jones & Monismith, 2008; Mullarney & Henderson, 
2012), and are comparable to dissipation rates measured in highly energetic swash 
and surf-zones (Bryan et al., 2003; Feddersen, 2012; Lanckriet & Puleo, 2013). 
Indeed, turbulence was strongly influenced by the wave climate, with the largest 
recorded dissipation rates corresponding to breaking waves in shallow water. 
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Nevertheless, high dissipation rates were also observed in numerous cases with 
minimal wave breaking, suggesting that turbulence also was generated within the 
root structures themselves.  
Given that turbulence was greatest inside the dense vegetation of the forest fringe, 
dissipation rates were positively correlated with vegetation density at the 90% 
confidence level (p-value < 0.1). However, this relationship between dissipation 
and density was only revealed by subsampling the quadrat vegetation surveys to 
identify the group of pneumatophores directly responsible for inducing wakes that 
were measured by the instruments. In contrast, fits of the dissipation rates with the 
root densities averaged over the 1 m2 quadrat surveys were non-significant at the 
90% confidence level (p-value < 0.1). This result suggests that turbulence is highly 
variable within pneumatophore canopies over short, submeter distances.   
2.  How does the heterogeneous vertical distribution of mangrove 
pneumatophores modify the flow field? 
Chapter 3 presented the first attempt to quantitatively characterize the flow field 
around mangrove roots under natural conditions in the field. Two experiments were 
carried out to measure the evolution of currents around dense clusters of 
pneumatophore roots inside the mangrove fringe. The first experiment implemented 
a horizontal array of high-resolution current profilers situated such that one 
instrument was upstream of a root cluster, and two instruments were downstream. 
Measurements were made at three heights within the root canopy over the course 
of three days. The second experiment implemented a vertical array of current 
profilers to simultaneously study currents within and above the root canopy. 
Turbulent statistics (dissipation rates, Reynolds stresses and eddy viscosities) were 
calculated from velocity measurements collected at each array position.  
Between the two experiments, three zones of enhanced turbulence were identified: 
near the bed, around the mean canopy height, and above the canopy. These hotspots 
of turbulence were associated with the formation of coherent flow structures in the 
lee of the pneumatophores. Turbulence in the lower canopy was generated by Von 
Kármán vortices shedding behind the roots in the direction of the mean current. 
Vortex shedding was identified by small, narrow peaks in velocity power spectra 
that were equivalent in frequency to a Strouhal number of ~0.2 (Schewe, 1983). 
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Alternating positive and negative Reynolds stresses behind the pneumatophores in 
the first experiment indicated the presence of a recirculation zone, similar to those 
observed behind dense tree canopies in atmospheric flows (e.g., Detto et al., 2008). 
Above the root canopy of the second experiment, enhanced turbulence was 
associated with velocity shear that formed between the reduced in-canopy velocities 
and accelerated above-canopy velocities.  
This work indicates that, in wave-dominated climates, wave currents in mangrove 
roots produce strong turbulence, particularly in the dense region of the root canopies 
near the bed. These patterns are unlike those observed in former laboratory 
experiments when mangrove roots were subjected to unidirectional currents 
(Horstman et al., 2018). In this former case, turbulence was been found to be 
negatively correlated with canopy density due to reduced flow velocities within the 
relatively dense canopy region near the bed. Hence in natural settings, mangrove 
root canopies affect both the horizontal and vertical distributions of turbulence, 
which can influence the drag forces of adjacent roots (Nepf, 2004) and the sediment 
transport capacity of the mangrove forest (Furukawa et al., 1997) by concentrating 
intense turbulence near the bed. Maintaining enhanced near-bed turbulence levels 
may be an adaptation by mangroves to prevent sediment accumulation that could 
otherwise lead to poor health or even death (e.g., Henderson et al., 2017). 
3.  How does the bed level respond to variations in hydrodynamic forcing 
conditions (e.g., currents, turbulence, and water depth) throughout a tidal cycle? 
How does bed level movement inside the mangrove forest differ from the 
unvegetated mudflat?  
Chapter 4 focused on the pathways of sediment transport within the mangrove 
forest. In Chapters 2 and 3, the heterogeneous distribution of mangrove 
pneumatophore roots was found to be a principal control over the horizontal and 
vertical distribution of turbulence, even over small, submeter scales. In Chapter 4, 
an experiment was designed to concurrently measure near-bottom velocities and 
the bed level at three locations on the unvegetated mudflat, the forest fringe, and 
forest interior. Based on lessons from the former two chapters, it was expected that 
enhanced turbulence generated within the mangrove roots would be a control over 
the depositional patterns within the forest.   
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Cross-wavelet transforms of velocity and bed level time series were highly 
correlated (≥ 90% squared coherence) over a range of frequencies, spanning those 
corresponding to short-period wind and swell waves (T = 1 – 30 s) to long-period 
infragravity waves (T > 30 s). Bed level movement events associated with short-
period (high-frequency) waves decreased with increasing distance inside the forest, 
while movement events associated with long-period (low-frequency) waves 
increased inside the forest. These patterns suggest that short-period waves are more 
rapidly attenuated in mangroves than are long-period infragravity waves, 
supporting recent work (Phan et al., 2015). The net bed level change was normally 
distributed for both short-period and long-period events, regardless of the across-
shore position, suggesting that neither short nor long-period events create greater 
accretion or erosion. Nevertheless, several infrequent events resulted in high-
magnitude bed level changes up to ±O(0.01) m over a single event, suggesting the 
total bed level change observed over a tidal cycle is due in large part to these 
infrequent events.  
As expected, the near-bottom bed shear stress was often the most important 
predictor of the variance in the bed level, based on a stepwise linear regression 
model constructed from time series of the net bed level change, the water depth, the 
mean current velocity, the bed shear stress, and the TKE dissipation rate. The 
greatest bed mobility was observed on the mudflat and in the fringe which 
experienced large shear stresses and the highest turbulence. Erosional patterns in 
the fringe were spatially variable, yet were related to the spatial distribution of the 
pneumatophore roots over short (< 1 m) distances. In support of this claim, the scour 
depth measured at each location scaled positively with the Keulegan-Carpenter 
(KC) number, or put simply, greater turbulence resulted in greater scour depths. 
Finally, over the short time periods covered in this study (one to two tidal cycles), 
net erosion (positive total bed level change) took place during the flood tide, and 
net accretion (positive total bed level change) took place during the ebb tide, with 
the greatest positive bed level change observed inside the forest. These observations 
are consistent with decadal trends in sedimentation on Cù Lao Dung observed by 
Fricke et al., (2017), and in general, support the concept that mangroves inhibit ebb 
tidal currents enabling the retention of entrained sediments (Furukawa et al., 1997; 
Wolanski, 1995a).  
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4.  How do the spatial patterns in hydrodynamics (e.g., tides, waves, and 
turbulence) affect the distribution of sediment within the mangrove forest? 
This final question ties in observations from Chapters 2 – 4, suggesting the 
depositional patterns across the mangrove forest were related to the spatially 
variable patterns in turbulence. Chapter 2 suggested that the concentration of 
intense turbulence within the dense roots of the fringe region preferentially 
winnowed fine grained sediment inside the forest. This conjecture was supported 
by observations of relatively course-grained sediments at the forest fringe that fined 
with distance landward (Fricke et al., 2017). When subjected to an energetic wave 
climate, pneumatophore roots in the fringe create intense near-bed turbulence 
(Chapter 3) that causes the preferential removal of fines. This conclusion is 
supported by observations of local scour around the pneumatophores of the fringe 
after a large wave event (Chapter 2). Furthermore, a map of bed level change over 
a 1 m2 quadrat (Chapter 4) clearly demonstrates that erosion was concentrated 
within 0.2 – 0.4 m diameter clusters of pneumatophores, again reiterating the spatial 
control of pneumatophore roots over turbulence and hence sedimentary patterns at 
submeter scales. These patterns in sedimentation, particularly the preferential 
suspension of sediment in the fringe, are consistent with observations from Van 
Santen et al., (2007) in mangroves, and other experiments utilizing vegetation 
analogues (Bouma et al., 2007; Spenceley, 1977).  
5.2 Recommendations for Future Work 
5.2.1 Species-dependent energy dissipation 
As evidenced throughout the work presented in this thesis, small clusters of 
mangrove pneumatophore roots exhibit a spatial control over the flow field that 
extends a few tens of centimeters. This near-field effect is most evident in the 
downstream current direction immediately behind the obstructions (e.g., Chapter 
3), but may also be multi-directional due to variable, directionally spread wave 
currents (e.g., the erosional patterns in Chapter 4 suggest variability in turbulence 
over submeter scales). Hence, there is a need to resolve the submeter-scale 
variability when comparing turbulence with canopy geometry. Moreover, the near-
field effect of mangrove roots is likely dependent on the mangrove species 
morphology and the wave climate. In the present work, wavier days were associated 
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with greater dissipation rates measured inside the root canopies of the forested areas 
(e.g., Chapter 2). In general, the rate of wave energy reduction in mangroves scales 
positively with vegetation density (cf. Figure 9, Horstman et al., 2012). Hence, 
mangrove species such as Avicennia marina that form a dense network of near-bed 
roots, branches and leaf canopies (e.g., in the Firth of Thames, New Zealand; Figure 
5.2b) may greatly inhibit the transmission of wave energy onshore within tens of 
meters from the shoreline, instead of over hundreds of meters as predicted by 
Henderson et al., (2017) within the open-structured forest of Cù Lao Dung (Figure 
5.2a). It has been suggested that swaths of mangroves could be included in some 
coastal management plans as a primary coastal defense (e.g., Spalding et al., 2014). 
Hence, future work should focus on understanding the dissipation characteristics of 
multiple different mangrove species to assess their efficiency in providing coastal 
protection.   
5.2.2 Wake length scales 
The question of wake formation length scales was alluded to but was never 
precisely quantified in this thesis. From one of the horizontal experiments presented 
in Chapter 3, we observed a turbulence maximum at 20 cm from the roots near the 
bed that was associated with Von Kármán wake shedding. Former studies of the 
wake structure of porous patches (Zong & Nepf, 2012) have shown that patches 
 
Figure 5.1: A comparison of mangrove environments. (a) From left to right: 
Daniel Culling, Aaron Fricke, and Ben Norris taking vibracore samples of the 
substrate under the cover of Sonneratia caseolaris mangroves on Cù Lao Dung. 
For reference, Ben is ~1.6 m tall above ground. (b) Erik Horstman (~1.85 m 
above ground) setting up instruments in the Firth of Thames, New Zealand. 
Photos provided by Julia Mullarney. 
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generate two distinct peaks of turbulence, one corresponding to individual stem-
wakes, and another much further downstream that corresponds to the patch-scale 
wake. Chen et al., (2012) provides scaling arguments to estimate the patch wake 
formation length scale, Lwake = (1.2 + (25 ± 10)CDaD(-0.9 ± 0.2))D, where CD is the 
drag coefficient, assumed here as CD ~ 2 (Henderson et al., 2017), a ~ 1.3 m-1 is the 
frontal area density of the patch, and D ~ 0.2 m is the patch width (Chapter 2), yields 
estimates of Lwake between 5 and 15 m (greater densities and patch widths would 
yield smaller length scales). Although simplified, this estimate suggests that even 
small clusters of pneumatophores could have a substantial effect on the downstream 
flow conditions. From laboratory experiments, it is known that the drag from 
upstream objects reduces both the impact velocity and delays the point of separation 
on the downstream objects, resulting in a lower pressure differential and hence 
lower drag (Nepf, 2004). Scaling arguments for the length scale of turbulent 
dissipation (Chapter 2.6.1) estimated significant dissipation would occur over ≤ 5 
m given the conditions and root densities measured in the field. Therefore, wake 
shedding from dense patches of pneumatophores in mangrove fringes could 
generate lower-turbulence regions within < 10 meters from the fringe line. Future 
work may consider studying mangrove root patch-wake length scales, as these 
might affect the energy dissipation across swaths of vegetation and hence modify 
the long-term evolution of marshes (e.g., Mariotti & Fagherazzi, 2010; Temmerman 
et al., 2007).  
5.2.3 The establishment of young mangroves 
To date, mangrove restoration efforts have often proved unsuccessful due to a poor 
understanding of the physical thresholds and conditions necessary for mangrove 
propagule establishment (e.g., Lewis III, 2005). Recent studies by Balke et al., 
(2013; 2011) have shown that there are narrow ‘windows of opportunity’ wherein 
hydrodynamic conditions are suitable for Avicennia or Sonneratia spp. mangrove 
propagues to establish on frontal mudflats or in mangrove fringes. In their study 
Balke et al., (2011) determined that juvenile Avicennia could be dislodged from the 
substrate if exposed to bed shear stresses up to 0.5 Nm-2 shortly after rooting. In our 
experiments, shear stresses on the mudflat and in the forest fringe ranged between 
0 – 1.7 Nm-2 (Chapter 4) supporting observations by Balke et al., (2013) that the 
hydrodynamic failure thresholds for young seedlings could often be exceeded. 
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Moreover, erosional events were occasionally in the range of 1 – 3 cm, which is 
approximately the threshold at which young Sonneratia seedlings can be dislodged 
(Balke et al., 2013). Nevertheless, many juvenile Sonneratia caseolaris mangroves 
were observed on the mudflat in front of the mangrove forest on Cù Lao Dung, 
suggesting these ‘windows of opportunity’ occur frequently enough to enable 
seedling establishment (Figure 5.3). Since these windows were not observed during 
the present study, it would be interesting to measure hydrodynamics over the long-
term (3 – 6 months) to look at the inter-seasonal variation in hydrodynamic 
conditions that could allow for the establishment of pioneering species.  
5.3 Summary 
This thesis addresses the contribution of short-term bio-physical interactions in 
coastal mangroves to the morphodynamic processes that actively shape mangrove 
forests and underlie tropical deltaic evolution. Mangrove vegetation was found to 
play a considerable role in turbulent dissipation, and hence the baffling of tidal 
currents, waves, and the promotion of sediment transport within mangroves. From 
observational evidence presented herein, established mangrove forests withstand 
substantial forces at their fringes, which is indicative of their ability to weather 
changes in climate and rising sea levels.  
  
 
Figure 5.2: A solitary Vectrino Profiler deployed offshore of the mangrove 
fringe on the mudflat. Many juvenile Sonneratia caseolaris mangroves are 
visible in the distance. 
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Appendix A: Calculation of wave and current velocities 
To calculate wave and current velocities, we followed the method presented by 
Luhar et al., (2013): 
Starting with a Vectrino velocity time series from above the wave boundary layer, 
the mean (i.e., time averaged) north and east velocities, Nc and Ec, respectively, in 







  (A.1) 
where Ei is an individual sample. Mean velocities were then subtracted from the 
record to calculate root-mean-squared oscillatory velocities, e.g., 
Ew,rms  = 
1
n




Total mean current and oscillatory velocities were calculated as, 
|Uc| = Ec
 2 + Nc
 2 (A.3) 
and, Uw,rms  = Ew,RMS
 2  + Nw,RMS
 2 .   (A.4) 
Note that Uw,rms  is assumed as the oscillatory velocity, although in actuality it 
encompasses all other unsteady flows. Finally, the amplitude of oscillatory velocity 
fluctuations was calculated from the rms velocities by assuming perfect sinusoids, 
e.g. Uw = √2Uw,rms. 
Ten cases were selected based on wave heights, five experiments with the lowest 
mean Hs, and five with the largest mean Hs, for each of the four tidal stages. Total 
mean current (Uc) and oscillatory velocities (Uw) were calculated for a single bin 
above the respective wave boundary layers for all three Vectrinos in each 
experiment, using samples corresponding to each tidal stage. Uw typically exceeded 
Uc by O(1 – 10), with the closest comparative magnitudes occurring during the 
lowest tidal stage (LL), and the largest differences occurring during the highest tidal 
stage (HH).  
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Appendix B: Spectral and structure function estimates of the TKE dissipation 
rate 
 
In general, the dissipation rate of turbulence can be estimated from the power 





𝑓 5/2, (B.1) 
where Sww(f) is the power spectral density of w in the inertial subrange, U is the 
wave orbital velocity, and Bw is ~10 (Hay, 2008). Here, the subscript Sp refers to 
the spectral method. Hereafter, the subscript SF refers to the second-order structure 
function (Section 3.2.3). 
To compare the spectral method with the structure function, estimates of Sp were 
computed with Equation B.1 from 10-minute Vectrino velocity segments (n = 
30000) recorded during the HTA2 experiment with a 50% overlap between 
segments. The width of the inertial subrange was defined as fwc < f < fhc (Section 
3.2.4). 
As shown in Figure B.1, the spectral method overestimates the dissipation rate 
compared to the structure function by approximately 10% between the three 
instruments (x = -10 cm, x = 10 cm and x = 20 cm) of the HTA2 experiment; SF ~ 
0.9Sp. Former studies have also compared the structure function and spectral 
methods and have found the two methods produce dissipation rate estimates that 
agree to within 16% depending on the experimental location and flow direction 
(flood tide vs. ebb tide), with the tendency that SF < Sp (McMillan and Hay, 2017). 
In general, the spectral method is typically employed using point measurements of 
velocity. As this method relies on a horizontal advection speed (U  in Equation B.1) 
to convert frequencies to wave numbers via Taylor’s frozen turbulence hypothesis, 
i.e., k = 2f/U , its usage can be problematic in wave-dominated environments 
where the unsteady advection of wave energy into the turbulence band might affect 
turbulence estimates (Trowbridge et al., 2018). Hence we have chosen to use the 
structure function approach of Wiles et al., (2006) to estimate dissipation rates as 
this method has been proven to be robust for use with profiling velocimeters in 
wave-dominated environments (e.g., Lanckriet and Puleo, 2013). Furthermore, 
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given that our structure function estimates of dissipation ranged between 10-5 and 
10-3 W kg-1 (Section 3.3.3), the corresponding range of the Kolmogorov microscale, 
k = ( 3/)1/4 was between 0.58 and 0.18 mm given a kinematic viscosity of 
seawater at 25 °C equal to 1.05 x 10-6 m2 s-1. Hence, the microscale range was 
smaller than the 1 mm spacing in between the Vectrino Profiler bins; higher 
dissipation estimates would produce smaller estimates of k. Therefore, the 




Figure B.1: Comparison of dissipation rates computed over 10-minute intervals 
from HTA2 velocity measurements using the spectral method (Sp) and a second-
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Appendix C: Estimation of ripple geometry 
 
The empirical model for wave generated ripples by Wikramanayake and Madsen 




0.3𝑋  −0.39      𝑋 ≤  2
 






1.96𝑋  −0.28     𝑋 ≤  2
 






where the parameter X for monochromatic waves is defined as,  





𝜌 – 1 𝑔𝑑50
1.5
, (C.3) 
s is the sediment density (= 2650 kg/m3), ν is the kinematic viscosity of seawater, 
 is the ripple height, and  the wavelength. The bedform migration velocity, Um is 




 1 − 𝜌𝑠𝜌
, (C.4) 
a model based on sand dune migration which assumes the bedform shape and 
migration rate are constant. The bedload flux QB is given by the formulation in van 
Rijn (1998), 










where Vm is the depth-averaged current velocity. The Shields parameter 𝜃, and 
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